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ABSTRACT
Rapid　rates　of　population　growth　and　urban　expansion　affect　local　and　regiona豆
ecosystems，　olimate，　and　biogeochemistry．　Ninety　percent　of　fUtロre　urもanization　will　be
血10w－incomo　countries．　In　many　low－incorne　regions　of　the　world，　the　only　up　to　date
maps　of　urban　extents　are　those　produced　on　a　globa1　scale．　However，　in　some　regions
such　as　East　Asia，　urban　expallsion　is　proceeding　so　rapidly　that　only　a　few　years　can
make　a　large　difference　on　the　ground．　Yet　maps　of　settlement　in　low－income　countries
are　often　outdated，　i皿accurate　or　non－existent．
This　dissertation　integrates　remote　sensilg　dat4　GIS　and　urban　modeling　to　map，
compare　and　model　urban　characteristics，　spatial　urban　structUres，　and　spatio－temporal
growth　dynamics　in　global　urban　areas．　The　primary　objective　of　the　researeh　is　to
understand　th。　r。lati。nship　b。tWe。n　the　hurnan　b　ehavi。r　and　natUral　envir。nrnents
under　different　socio　political　contexts　at　a　global　soale．　Accordingly，　there　are　three
major　researches　focus　in　this　dissertation
First，　this　research　improves　our　understanding　of　the　methodological　and　validation
requirements　fbr　global　urban　mapping丘om　low－resolution　remote　sensing　data．　Maps
derived　thereby　are　then　compared　against　urban　boundaries　derived丘om　Landsat
iii’i’
ETM＋imagery　and　the　other　existing　five　continental　scale　urban　maps．　Maps　produced
using　gridded　population　density　data，　nighttime　lights　and　MODIS　data　use　less　costly
data　and　are　simpler　to　produce　yet　proved　to　be　more　acourate．
Second，　Urban　environments　are　so　heterogeneous．　It　is　necessary　to　simplifシthem　as
cornbination　of　basio　land　oover　materials　in　order　to　enable　quantitative　studies．　A
comparative　analysis　of　three－comp　onent　feat肛res（Population　density，　NDVI，　DMSP）
for　25　urban　areas　worldwide　provides　a　physical　basis　of　global　urban　characteriZation．
The　result　of　aLnalysis　hldicate　that　the　characteristics　of　there　cities　can　be　acourately
described　as　Iinear　combinations　of　population　density，　DMSP　and　vegetations　end
members　within　a　tWo　dimensional　mixing　space　containing　over　80％of　variance三n　the
observed　data．　Global　urban　characterizations　provide　a　basis　of〕mapping　the　spatial
extent　of　human　settlements　using　coarse　resolution　satellite　imagery．
Third，　Global　urban　growths　dur三ng　the　Iast　fbur　decades　are　analyzed　quantitatively
using　satellite　data　and　GIS．　The　Digital　Chart　of　the　Wbrld（1）CW）urban　layer
represents　the　urban　in　1960s．　The　GLCNMO（Globa」l　Land　Cover　by　NationaI
Mapping　Organization）urban　map　by　population　density，　nigh枕hne　lights　and　MODIS
NDVI　are　used　to　extract　the　urban　expansion　in　2003．　The　resuIt　indicates　that　urban
development　has　been　dramaticalIy　increasing圭n　the　developing　countries，　expending
more　noticeably　than呈n　the　previous　deoades　and　urban　fbrms　of　developing　countries
are　more　compact　and　dense　than　their　counterparts　in　North　America，　Australia　and
Europe．
iv
These　demonstrations　show　that　the　integration　of　Gridded　population　density　data　and
DMSP，　MODIS　s　atellite　data　with　the　reference　o　f　fine　resoluti　on　LandSat　ErlM＋offers
ausefUI　perspective　fbr　global　urban　mappi皿g，　modelilg　the　characteristics　and
monitoring　910bal　urb　an　growth．
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CHAPTER　1：
INTRODUCTION
1・1　Background
Since　the　launch　ofLandsat　l　in　1972，　the　world’s　urban　population　has　almost　doubled
（UIIited　Nations，2002）．　Although　urban　areas　occupy　a　reIatively　srnalI　f治action　of
Earth’s　surface　area，　their　extend，　distribution　and　evolution　have　enormous　impact　on
environmental　and　socio－economic　dynamics　worldwide（Ben・y，1990；Chameides　et　a1．，
1994）．Worsening　conditions　of　orowding，　housing　shortages，　and　in　su　fficient　of
obsolete　in丘astnユcture　as　well　as　increasing　urban．　climato藍ogical　and　ecological
problems，　and　the　issue　of　urban　security，　underlhユe　a　greater　than　ever　need　fbr
effective　rnanagement　and　planning　of　urban　regions（0，Meara，1999）．　In　fact，　the
global　rate　of　urbanization　is　cxpeoted　to　continue　to　accelerate　in　the　near釦ture　with
the　cmergence　ofvery　large　urban　agglomerations　hl　developing　countries（Berry，1990）．
There　is　therefbre　a　need　fbr　timely董nfermation　on　hurnan　settlement　dlstribution，
location　and　size．　Aside　from　some　city－level　statistics　on　the　largest　urban　areas，　these
UN　e　stimates　do　not　reveal　where　urbanites　live　and　work　at　sub－national　scales．　There
exists　a　largely　unmet　need　for　a　map　of　human　settlement　patterns　that　is　gl。bal
assessed　fbr　accuraoy，　at　moderate　resolution，　and　regular韮y　updated．
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For　the　first　time　in　recorded　history，　urban　environments　influence　the　health　and
well－being　of　the　majority　of　the　world’s　population．　In　addition　to　many　of　the
envir。㎜ental　issues　menti。皿ed　ab。ve，　rapid　p。pulation即舳of　cities　Mevelop面g
countries　with　a　pauoity　of　resources　can　lead　to　increased　urban　poverty（Brockerhoff
Imd　Bren　nan，1998；Wratten，1995），　greater　economic　and　social　inequality（Massey
1996），and　increased　exposure　and　susceptibility　to　disease（Montgomery　et　aL，2003；
Keiser　et　al．，2004）．　At　the　same　time，　sustainable　urban　expansion　within　a　favorable
development　clinate　can　lead　to　economic　growth，　higher　incomes，　technical　innovation，
more　ef五cient　land　and　energy　use，　better　living　conditions，　cleaner　water，　and　increased
access　to　health　care　and　education（sassen，1994；castells，1996；Quigley，1998；van
Vliet，2002＞Overall，　the　only　certainty　with　respect　to　urban　growth　is　that　it　is　going
to　ocour　rapidly　fbr　at　Ieast　the　next　25　years．　The　u1timate　social，　eoonomic，　and
environmental　impacts　are　c。mplex（Montgomery　et　al．，2003），　and　will　depend。n　the
soundness　of　our　urban　planning　decisions（Burgess，2000；McGranahan　and
Satterthwaite，2000）．　To　make　quality　decisions　regarding　the　fhtUre　of　urban　expansion，
regional　and　national　planners　oannot　rely　on　a　piecemoal　patchwork　of　oity－soale　maps．
What　is　needed　is　a　consistent豆y－produced，　regularly－updated，　and　accuracy－assessed
globa豆urban　map．
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1・20bj　ective
Summ正ng　up，　the　general　research　question　is；where，　when　and　how　the　urbanization
occur？This　results　in　a　fo。us。n　spatial，　temporal　and　decisi。n　makmg　process　in　this
study．
The　general　obj　ective　if　this　research　is　to　develop　a　theoretica1倉amework　and
methodology　fbr　rnapping　urban　area　and　modeling　spatial　and　tempora正urban　growth．
Four　research　o切ects　can‘be　specified；
1．How　can　global　urban　mapping　be　improved　using　gridded　population　density　data
　　　integrating　with　coarse　resoIution　remote　sensing　data：night吐me　lightσ）MSP／0LS）
　　　data　and　MODIS・NDVI　data？
2、How　can　threshold　technique　support　more　accurate　and　detailed　urban　mapping
　　　derived　from　coarse　resolution　remote　senshlg　data　with　the　reference　of　fine
　　　resolution　Landsat　ETM＋imagery？
3．How　can　remote　sensing　data　products（DMSP／0LS，　MODIS－NDVI）be　re盒ned，
　　　utilized　and　comb1ned　with　population　density　data　towards　improved　understanding
　　　and　modeling　urban　oharaoteristics？
4．How　can　this　new　level　of　inforrnation　and　knowledge　in　a皿alysis　and　modeling　of
　　　urban　spatial　structure　and　dynamics　help　to　advance　theoretica正concepts　in　urban
　　　mapping　theory，　and　support　in　imovative　urban　management　and　planning？
The　research　presented　in　this　dissertation　thesis　aims　to　address　these　four圭mportant
　　　　■questlons．
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1．3Urban　Definitio皿
The　task　of　defining　urban　has　always　been　particularly　ohallenging．　The　United
Nations　itself　recognizes　the　difficulty　of　defining　urban　areas　globalIy，　stat量ng　that，
‘‘b?モ≠浮唐?@of　national　difii∋rences　in　the　charaoteristics　that　d量st血guish　urban丘om　rural
areas，　the　distinction　between　urban　and　rural　population　is　not　amenable　to　a　singlc
defn　ition　that　vvould　b　e　applicable　to　all　co．untries”（UN，1998）．　For　instance　in　several
co㎜tr董es　in　Latin　America　and　West　Africa，　the　threshold　is　a　population　of　2000，
whereas　it　is　200　in　Iceland，　and　l　OOOO　in　countries　1ike　ltaly　and　Benin（UN，2004）．
There　are　various　ways　to　define　what　is‘‘urban”and　what　is　part　of　an‘‘urball　area”il
different　countri已s．　In　Britain，　open　spaco　that　is　completely　surrounded　by　the　other
urban　land　use　rypes（e．g．　residua1，血dus廿ial，　and　c。㎜ercial，　etc．）belongs　t。　an
‘‘浮窒b≠氏@area，，（Carter，1981）．　In　China，　nursery　land　may　be　defined　as頚amlland　even
when　it　is　compIetely　sllrrounded　by　urban　Iand　use　types（Li，1991）．　It　is　ofしen　a
subjective　matter　to　decide　whether　1arge　park　lands　within　or　beside　an　urban　area（i．e．
Golden　Gate　Park，　Kamalgtra　park　around　Tbkyo　metropolitan　or　Mount　Tamalpais　hl
San　Francisco　study　area）or　mixed　agricul亡ura1－industrial　zones（as　on　the　outskirts　of
Beijing）to　be　considered‘‘urban”or　not．　Similarly　a　lake　or　coastal　waters　within　or
beside　an　urban　should　be　allocat¢d　to　urban”or　not．
With　the　remotely　sensed　data，　urban　is　o丘en　best　definod　as　the　peroentage　of
impervious　sur飴ce（Am［01d　and　Gibbons，1996）．　This　research　follows　this　convention，
where　urban　and　built　up　land　must　dominate　greater　than　50　preoent　of　an　image　pixel
fbr　that　pixel　to　be　labeled　urban．　Green　fields　and　water　bodies　not　directly　related　to
human　development　activities　were　not　classified　as　urban．　When　vegetation（such　as
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big　park，　settlement　area　with　much　green　or　golf　course）and　water　bodies　dom量nated　a
pixel，　these　areas　were　n。t　considered　urban，　even　though　in　terms　of正and　use，　they　may
fUnction　as　urban　space．
1．4Main　Contribution　of　this　research
This　dissertation　presents　a　thorough　stUdy　of　mapping　and　analy　sis　ofglobal　urban　area
using　multi－sources　geospatial　data．　The　primary　significance　ofthis　research　falls　into
fbur　aspects：
●
■
●
●
Mapped　new　high　accuracy　global　urban　map　using　threshold　gridded　population
density　data　in　combination　with　nightth皿o　Iights　data　and　MODIS　data．
This　research　indicated　that　setting　up　thresholds　fbr　population　density，　nightthne
lights　DMSP　and　MODIS－NDVI　fbr　each　urban　type　category　is　the　key　fbr　success
with　this　apProach．
Integration　of　population　density　and　nighttime　Iights　DMSP，　MODIS－NDVI
satellite　images　provides　a　new　insight　fbr　urban　oharacterization　and　the　approach
devel。ped　in　this　paper　can　be　applied　to。出er　urban　envir。㎜ents．　Als。
characterizing　urban　can　provide　a　basis　fbr　mapping　urban　area　with　coarse
reSOIUtiOn　imagery．
Developed　and　demonstrated　a　quantitive　method　fbr　global　urban　growth　pattem
modeli皿g　using　new　produced　global　urban　map．
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1．5Structure　of　the　Thesis
The　research　comprises　theory，　methodoIogy　and　application，　which　correspond　to　the
three　major　sections　of　the　thesis．　Chapter　20　ffers　the　theoretical丘amowork　fbr
modeling，　As　the　core　ofthis　research，　Chapter　3，4and　5　deals　with　the　dat亀　mapping
and　modeling　urban　characteriZation　at　global　scale．　Chapter　6　and　7　present
applications　ofthe　GLCNMO　map（Figure　1．1）．
Chapter　l　provides　a　general　overview　of　the　research．　This　includes　its　re正evance，　the
questions　that　are　addressed，　its　research　obj　ects　and　scope，　and　its　methodology．
Chapter　2　provides　the　theoretical　discussions　that　are　relevant　to　this　researoh．　The
theoretical　section　is　dominated　by　the　analysis　of　the　methodology　of　existing　global
urban　maps：Digital　Chart　ofthe　Wbrld（DCW）by　the　Defense　Mapping　Agency　ofthe
US；Global　Rural　Urban　Mapping　Proj　ect（GRUMP）by　center　fbr　hltemational　Ea曲
s。ience　information　Netw。rk；MOD12Ql　VOO4　Land　cover　Products　by　Boston
University；Global　Land　Cover　2000　by　European　Comlnission，s　Joint　Research　Center；
urban　map　derived　from　DMSPIOLS　and　others．
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　　　　　　　　　　　　　　　　　　　　Figure　1．1Flowchart　ofthe　thesis
Chapter　3　systematically　demonstrates　t卜e　methodology　of　GLCNMO　urban　land　cover
map．　The　chapter　aims　to　inprove　methodology　of　urban　mapping　by　Gridded
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population　density　data，　DMSP／0LS　and　MODIS－NDVI　satellite　data．　I　krn　resolution
GLCNMO　urban　Iand　cover　Maps　derived　thereby　is　then　compared　agai且st　urban
boundaries　derived　from　30　m　resolution　Landsat　ETM＋imagery．　Result　shows　that
integration　Gridded　population　density　data　with　DMSP／0LS　and　MODIS－NI）VI
satellite　data　offers　a　usefUl　perspective　for　global　urban　mapping．
Chapter　4　compared　GLCNMO　urban　la血d　cover　rnap　with　othor　existtng　gloもal　urban
maps（Dcw，　GLc2000，　GRuMP，　MoD　12Q　l　and　DMsP／oLs）．　This　resoaroh　improves
the　methods　of　comparison　and　validation　fbr　global　urban　mapping　f｝om
low－resolution　remote　sensing　data．　There　comparison　methods：per－pixel　comparison，
settlement　sセe　comparison，　settlemont　looation　comparison　are　used　in　this　chapter．
Results　show　GLCNMO　urban　land　cover　map，　which　is　produced　in　this　stUdy，　use　less
costly　data　and　are　simpler　to　produce　yet　to　be　more　accurate　then　other　existing　9圭obεし玉
urban　maps．
Chapter　5　presents　an　imovative　methodology　to　characterize　globa韮urban　using
multi－source　satellite　imagery　and　demographic　data．　Urban　environrnents　are　so
heterogeneous．　It　is　necessary　to　simplifシthem　as　combination　of　baslc　Iand　cover
materials　in　order　to　enable　quantitative　studies．　A　comparative　a益alysis　of　three
component　featUres（population　density，　NDVI，　DMSP）圭br　100　cities　werldwide
provides　a　physical　basls　of　global　urban　oharaoterization．　Co玉or　modeling　arid　Terr1ary
diagram　modeling　analysis　perspective　seeks　to　disting聴ish　urban　tyl）es　at　g韮oba韮soa玉es．
Global　urban　characteriZation　provides　a　bas量s　of班iapping　tbe　spa意ia璽eXte盈（1　of　huma盈
SettlementS　USing　COarSe　reSOlUtiQn　Satell｛te　imagery．
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Chapter　6　demonstrates　the　application　of　GLCNMO　global　urban　maps　on　ana蓋ysis　of
spatial　and　temporaI　urban　groWth　during　last　fbur　decades．　The　result　indioates　that
urban　development　has　been　dramatically　increasing　in　the　developing　countries，
expe皿dilg　more　noticeably　than　in　the　previous　deoades　and　urban　forms　of　developing
countries　area　more　compact　and　dense　than　their　counterparts　in　US，　Australia　and
Europe．
Chapter　7　evaluates　the　fmding　ofthe　stUdy　with　reference　to　the　research　obj　ectivcs　set
out　above　and　offers　discussion　and　suggestions　fbr　fUrther　research．
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CHAPTER　2：
THEoRETICAL　CONs皿）ERATIoN
ExlsTING　GLOBAL　URBAN　MAP　S
REVIEWOF
2．1Theoretical　cons量deration
2．1．1　Remote　Sensing　of　Urban　areas
Remote　sensing　is　a　technique　that　acquires　information　about　obj　ects　without　be圭ng　in
physical　contact　with　the肌The　remote　sensor　records　the　e藍eotromagne重ic　radiation
that　is　reflected　or　emitted　by　the　o切ects　to　desoribe　its　properties（Jensen，1996）．　In
general，　remote　sens圭ng　techniques　can　prov呈de　spatially　consistent　datasets　that　cov¢r
large　areas　wi重h　both　high　detail　and　high　te血poral丘equency，　inc韮u裡ing　historica重time
series」n　the　urban　domain，　traditional　v圭sual三nterpretatio丑s　of　high－roso1確ion認
photos　could　y童e里d　comprehensive三nfbrmatioH　about　urban　p罎ems　a雄d　land　use
characteristics．　The　basis　of　such　anaIysis　was　the　inte4）reter’s　knowledgc　of　spatia至
arrangements　ofurban　land　cover　features（e．9、　tex£ure，　pattern．　shapes，　and　ftequenc韮es）
that　were　used　to。hara。terize　urもan・land・use・strt｝ctUres（Bowden　et　al．，1975；紬se益et
aL，1983；McKeown，1988；Haack　et　aL，1997）．　Wi盒出e　advent　ef　d量gital　satellite
remote　sensi皿g　th¢加age　analysis，　methodsもeca猫¢automated　a磁s“童重aも圭¢fcr
apPlication　over　much歪arger　areas．　A　number　of　urban　remete　sens至ng　apP至ications　t｛｝
date　have　shown．　the　P⑪tential　to　map　and　monitor　urban玉a轟d．琶se　a轟d至nfrastru｛｝ture
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（Bamsley　et　aL・1993；Jensen　and　Cowen，1999）and　to　he玉p　estlm蹴avariety　of
socio．economic　variables但enderson　and　Xia，1997；㎞hoff　et　al．，1997）．
Scale　一一　the　spatia1　and　tempora1　dimension　of　an　objeet　or　process（Turner　and　GardRer，
1991）一一is　a　crucial　point　in　geographic　analysis（Meentemayer，1989；Lam　and
Quattrochi，1992）・For　remote　sensing　based　urban　area　mapPing，　the　spatial　extent　of
the　stUdy　area　defmes　the　geographic　scale．　Measurement　scale　is　determined　by　inage
pixel　size　or，　more　typically，　the　image　spatial（or　geometrio）resolution　or
“11stantaneous　Field　ofView”（Jensen，1996）．
The　representation　of　the　land　surfa。e　in　a　remote　sen　sing　dataset　is　determined　by　the
spatial　heterogenoity　ofthe　target　land　cover　structures　and　the　sensor　spatial　resolut三〇n
（Woodcock　and　Strahler，1987）．　If　image　spatial　resolution　is　too　coarse，　representation
of　the　shape　or　spatial　variations　of　target　land　cover　objects　are　represented　by　miXed
pixels　that　contain　only　a　generaIized　and　regularized　description　of　these　featUres，
decreasing　the　featUre　mapping　accuracy（Cushnie，1987）．　If　image　spatial　resolution　is
too　fine，　the　remote　sensing　irnage　captures　more　spatial　land　surf吾ce　variation　than　may
be　required　fbr　a　specific　application．　Data　having　too丘ne　spatial　resolution　can
produce　an“image　information　overload”and　heterogeneities　and　withi且一class
variations　or　additional　thematic　categories　may　decrease　image　analysis　accuracy
（woodcock　and　strahler，1987；Quattrochi　and　Pelletier，1991；cao　and　Lam，1997；
Davidson　and　Csillag，2001）．　Furthermore，　imag。　spatial。overage｛md　image　spatial
resolution　are　normally　negatively　correlated。
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Remote　sensi血g　data　have　been　applied　to　analyze　urban　Iand　use　at　several　spatial
scales．　The　DISCover　data　set　was　the　first　complete　high　spatial　resolution　global　land
cover　data　set　developed　from　remote　sensing　data　at　a　high　spatial　resolution（1
kilometer）．　This　data　set　was　based　on　NOAA／AVHRR　data　and　produced　by　the
InternationaI　Geosphere∠Biosphere　Program　Data　and　Infbmlation　System（Belward，
1996）．The　urban　areas　are　represented　in　DISCover　as　the‘‘Urban　and　Built　Up”
category（this　category　is　also　fbund　as　a　Level　I　class　hl　the　Anderson　classi且cation
soheme）．　In　DISCover，　the　urban　areas　were　not　derived　from　the　NOAAIAVHRR　data；
they　were　included　as　ancillary　dataset　extracted　from　the　Digital　Chart　of　the　World
σ）anko，1992）．　This　reflects　a　goneral　difficulty　of　mapping　urban　areas　at　a　global
scale（even　at　the　high　1　km　DISC。ver　resolution，　Loveland　et　al．，2000）：urban　areas
are　characterized　by　small　extent　and丘agmented　shape　compared　to　other　laエ1d　cover
olasses（DeCol亀　1989；Lam，1990）．　Urban　areas　are　also　comprised　of　many
overl　app壬ng　spectral　patterns，　e．g、　fセom　vegetation　and　built　up　areas，　that　do　not　reflect
a　distinct　urban　area　signal　in　most　remote　sensing　datasets．
The　MODIS　sensor　with　enhanced　spectral　mapping　capabilities　has　shown　an
inproved　capabil量ty　hl　mapping　the　extent　of　urban　areas　at　the　continental　scale
（Schneider　et　al．，2003）．　Other　urban　mapping　strategies　have　used　nighttime　remotely
sensed　imagery　showing　Iights丘om　urban　areas　collected　by　the　Defense
Meteor。logi。al　Satellite　Program（DMSP，2、7㎞spatlal　res。lution）．　These　s加dies　have
yielded　global　and　continental　scale　data　products　of　urban　extent　and　popuIation
density（Sutton　et　al．，1997）．　There　are　examples　of　the　combiled　application　of　DMSP
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data　and　other　remote　sensing　data　produots　of　urban　areas（lmhoff　et　al．，2000），　that
again．　show　the　capabilities　and　unique　potential　of　remote　sensing　as　a　data　source　for
urban　mapPing　at　the　super－regional　and　global　soales．
Regional　scale　urban　remote　sensi血g　often　fbcus　on　a　specific　urban　area　or
agglomeration　or　their　surroundings　respectively．　Data　fヒom　LANDSAT　T］Y［　and　SPOT
sensors　are　most　ofしen　used　in　applications　at　this　scale；these　datasets　provide　a　spectraI
separation　of　built　up　and　non－built　up　urban　land　cover　featUres（Sadler　et　al．，正991）．
The　identification　and　charaoterization　of　urban　land　cover　may　be　improved　through
the　use　of　image　data　having　an　increased　spectral　resolution，　particularly　airborne
hyperspectral　imagery（耳epner　et　al．，1998）．
Avariety　of　Iocal　and　regional　level　urban　applications　require　a　more　detailed　mapping
of　urbarl　land　use　structures．　The　USGS　Anderson　land　use／cover　classifioation　system
is　a　hierarchical　scheme　commonly　used　to　develop　maps　ushng　remote　sensing　source
data（Anderson　et　aL，1976＞Global　soale，　national　scale　and　local　scale　urban　maps　are
relevant　to　a　different　oast　ofpotentialエnap　userst
2．1．2　Mapping　of　urban　land　cover　and匿and　use
Detailed　and　accurate　information　about　urban　land　use　was　traditionally　provided　from
visual　analysis　of　aerial　photography（Haack　et　aL，1997）．　The　knowledge　necessaiy　for
visually　interpreting　textural，　contextua韮and　spatial　configurations　of　urban　land　cover
fe　aturcs　is　oomprehensive　and　well　documented（Bowden　et　al．，1975；Jensen　et　al．，
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1983；Haack　et　aL，1997）．　Tone　and　c　olor　are　of　fundamental　importance　and　represent
primary　image　elements．　For　digital　data　this　primary　featUre董s　given　by　the　spectral
infb㎜ation（on　a　per　pixel　basis）．　In　urban　remote　sensing　the　tone／color　information
characterizes　the　land　covor　type　of　a　specific　surfとce　obj　ect　such　as　a　vegetated　surface
or　a　built　up　area，
The　spatial　arrangement　and　configuration　of　the　basic　elements　represent　interpretation
fe　atUres　of　greater　cornplexity　such　as　size，　shape　a皿d　textUre，　or　pattern　and　association．
These　elements　of　interpretation　usually　improve　the　level　of　detail　and　accuracy　that
can　be　derived　from　the　rem。te　sensing　datasets．　Their　applicati。n，　however，　commonly
requires　higher　ef｛brts　in　the　image　analysis　processes　in　terms　of皿ore　sophisticated
㎞owledge　of　the　human　interpreter　or　more　cornplex　and　customized　digital㎞agc
processing　algorithms．且owever，　much　of　the　expert　knowledge　of　the　human　image
inte1preter　is　not　easily　translated　into　the　digital　analysis　of　satellite　imagery．　DigitaI
approaches　can　indeed　go　beyolld　the　capabilities　of　human　interpreters，　especiaUy　in
establishing　quantitative　and　oonsistent　indioators　and　relationships　of　spatial　Iand　cover
featUres．　This　oapability　can　provide　a　new　level　of　understanding　of　urban　fbrm　and
improved　mapPing　Produots．
2．1．3Urban　mode血g
Geographers　and　planners　real量zed　that　the　early　theories　and　concepts　of　urba皿spatiaI
structure　and　urban　dynamics　are　not　realistic　fbr　representing　and　predicting　urban
growth　in　a　dynamic　urban　setting．　This　prolnpted　the　need　fbr　more　spatially　explicit
models，　and　consequently　led　to　the　development　ofthe　field　ofurban　modeling．　Urban
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growth］血odels　began重o　arise　du血g　the　1960s．　The　most　successfUI　group　of　models
dealt　vvith　spatial　interactions．　The　spat量al　interaction　modeling　tradition　draws　from　the
original　efforts　to　model　interaction　of　human　aotivities　in　space　based　on　the　analogy　to
the　law　gアaviij／in　physics．　The　use　of　spatial　interaction　based　modols　in　urban　pla㎜圭ng
studies　gained　a　boost　with　the　elaboration　of　both　entropy　maximセing　and　util量ty
maximizing　theories，　which　have　provided，　respectively，　a　more　robust　statistical
mechanics／informatien　theoretic　basis　and　a　rational　economic　basis　for　spatlal
interaction　theory（Wilson，1971）．　They　are　still　widely　used　to　model　a　variety　oftypes
ofinteractions　arising　out　of　a　host　of　human　activities　within　the　urban　system　such　as
the　journey－to－work，　shoPPing，1and－use　transportation　interactions，　and　urban　change　in
．gelleral．
During　recent　years，　urban　growth　models　have　drawn　considerable　interest．　Spatial
modeling　has　become　an　i血teresting　tool　for　city　planners，　economists，　ecologists　and
resource　managers　oriented　towards　sustainable　development　of　regions（Clarke　et　aL，
2002）．Model　development　has　been　driven　by　n¢w　data　resources，　the　ability　to
combine　spatial　datasets　using　image　processing　and　modeling　capabilities，　and　by　the
need　for　innovativo　planning　tooIs　fbr　decision　support（Wegener，1994）．　The　mode正s
havo　shown　p　otential　to　support　planning　and　management　decisions：
■
1
ロ
Provide㎞owledge　and　unders伽ding　of　the　dynamics　of　the　urb｛m　system
（intUitiOn　StruCtUring），
ノ㎞tic養pate　and　fbrecast　fU加re　changes　or　trends　ofdovelopment，
Describe　and　assess　impacts　of　fUtUro　devolopment，
Explore　diffbrent　po1ioios　and　optimLセe　urban　planning　and　managenlent．
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2．2　Review　of　Existing　Global　urban　maps
2．2．1　Digital　Chart　of　the　World（DCW）
The　initial　breakthrough　in　the　global　mapping　of　urban　areas　carne　with　the　re董ease　of
the　frrst　Digital　Chart　of　the　Wbrldσ〕CW）in　1992（Danko，1992）．　DCW　Populated
Plaoes　was　developed　originally　fbr　the　US　Defbnse　Mapping　Agency（DMA）using
DMA　data　Figure　2⊥This　was　a　set　of　computerizod　global　maps，　created　fbr　the　most
part　by　scanning　and　digitiZing　paper　sourcos．　DCW　coverage　depicts　urbanized　areas
of　the　world　that　can　be　represented　as　polygons　at　1：1000000　scales．　The　primary
sources　fbr　this　database　were　the　Operational　Navigation　Chart（ONC）ser艮es，
co－produced　by　the　military　mapphlg　authoritie　s　ofAustraHa，　Canad亀UIlited　Kingdorn，
and　the　United　States．
　　　　　　　　　　　　　　　　　　　　　Table　2．1　Thematic　layers　in　DCW
Thematic　Layeエs血DCW
1Pohtica］ノOcea皿 9．Hyp　sography　supP王emental
2．Populated　places 10．Land　Cover
3．Rairoads 11．Ocean　fbatUles
4．Roads 12．Physiographic
5．Ut且ities 13．Aelonau七ica1
6．Drainage 14．C℃己tural　la皿dnユarks
7．Supplemental　dエainage15．Tran8P。エtati。H　structure
8．Hyps。graphy 16．Vb　geもati。n
The　DCW　database　is　organized　into　16　thematic　layers　and　one　data　quality正ayer．
Thc　DMA　subsequently　merged　with　several　other　agencles　to　fomm　the　National
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Imagery　and　Mapping　Agency　（NIMA），　1ater　renamed　as　National
feospatial－Intelligence　Agency（NGA）．　NIMA　released　an　updated　and　hnproved
魔?窒唐奄盾氏@ofthe　DCW　database，　called　Vector　Smart　Map　leve10（VMapO）h11997．
　　　　　　　　　　　Digital　Ch飢of　tbe　World（D㎝）Urb㎜Map
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　　　　　　　　　　　Figure　2．1　Digital　Chart　of　the　WbrldΦCW）Urban　map
Q．2．2Global　Rum且Urban　Mapping　P朗ect（GRUMP）
The　Global　Rural－Urban　Mapping　Pr（）j　ect（GRUMP）（Center　fbr　Intemational　Earth
Science　lnformation　NetWork（CIESrN）et　al．，2004）was　obtained　Figure　2．2．　This　was
produced　by　combining　infbmation　from　nighttime　lights，　DCW，　Tactical　Pilotage
Charts　produced　by　the　Australian　Defense　imagery　and　Geospatial　OrganiZation　and
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some　Landsat－derived　polygons．　Nighttime　Iights　were　used　as　baseline，　and　then　any
polygons　identified　by　other　sources　not　intersecting　with　the　lights　were　added（Balk　et
al．，2004，　Center　fbr　Intemational　Earth　Science　Infbrmation　Network（CIESI卜D　et　al．，
2004）．
All　the　sources　of　urban　extent（night－lights，　DCW　polygons　and　TPCs）were　combined
in　order　to　obtain　the　maximum　possible　coverage　fbr　each　country．　The　population
values　are　assigned　to　the　physica董extents丘om　points　within　a　three－kilometer　buffer．
For　points　that　are　not　within　the　three　kilometers　buffer　of　an　extent，　circles　were
created　based　on　the　relationship　between　population　sセe　and　areal　extents　fbr　the
points　with㎞own　parameters．　These　newly　created　cセcles　were　added　to　the　existing
ones　to　create　a　complete　coverage　of　urban　extents　with　population㎞fbrmation　fbr
each　country．
GEobal　Rura田rban　Mapping　ProjeCt（GRUMP》Urban　Map
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　　　　　　　Figuro　2．2　Global　Rural　Urban　Mapping　Pr（）j　ect（GRUMP）Urban　map
The　main　advantage　of　GRUMP　is　that　it　uses　population　data　from　the　census，　rather
than　predicting　it　based　on　probability　coefficients　or　lighted　areas，　Also　it　makes　use　of
other　GIS　data　to　identify　urban　areas，　compensating　fbr　thc　sma正I　settlements童n　poor
countries　that　are　not　detected　by　the　nightt㎞e　lights．
2・2・3MOD12QI　voo4　u由an　Land　Cover　Prod租cts　by　Boston　universlty
An。ther　global　land　cover　classification　at　1　km　spatial　res。lution　was　produced　us始g
one　year　of　Moderate　Resolution　lmaging　Spectrometer（MODIS）data（Schneider　et　aL，
2003）．This　was　downloaded貸om　Boston　University’s　Depar亡ment　of　Geography　Iand
cover　　　　　and　　　　　land　　　　　cover　　　　　change　　　　　data　　　　　sets　　　　　（URL：
http：〃www、　duckwatorゐu．edu／10／mod12q1．html）　and　the　‘‘urban，　class　was　extracted
Figure　2．3．　Two　major　tasks　were　involved　in　this　study．　First，　a　supervised　deoision
tree　classification　method　was　developed　by　fUsing　one　kilometer　MODIS　data　and　two
ancillary　sources：the　Nighttime】Lights　data（Elvidge　et　a1，互999）and　population　density
data（GPW，　see　Tobler　et　al、，1995；Deicimami　et　al．，2001）．　Tlie　second　task　was　to
establish　the　best　means　fbr　evaluating　the　acouracy　ofurban　land　cover　maps　produced
over　1arge　regions，　an　issue　that　is　especially　problematic　when　the　class　of　interest　is　a
sma11丘action　of　the　total　area　mapped．　The　fUsion　of　these　three　data　types　improves
urban　classification　results　by　resolving　confhs量on　between　urban　and　other　classes　that
occurs　when　any　one　ofthe　data　sets　is　used　by　itse1£
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Q．2．4Globa1工and　Cover　2000　Urban　Map
`global　land　cover　database　fbr　the　year　2000（GLC2000）has　been　produced　by　an
奄獅狽?高≠狽奄盾獅≠戟@pa血ership　of　30　research　groups　coordinated　by　the　European
bommission，s　Joint　Research　CenteL　The　land　cover　maps　are　all　based　on　l　4　months
盾?@global　daily　images　acquired　by　VEGETATION　between　l　November　1999　and　31
cecember　2000，　though　mapping　of　some　regions　involved　use　of　data丘om　other　earth
盾b唐?窒魔奄獅〟@sensor　to　resolve　specific　issues．　The　global　land　cover　classification　at　a
1
spatial　res・luti・n・f　1㎞was　d・㎜1・aded・fr・m（URL：h即：〃www－gum・jrc・itiglc2000D・
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and　the‘‘urban，，1and　cover　class　extracted　F　igure　2．4．　The　urban　area　in　GLC2000　was
extracted　by　combination　of　Deference　Meteorological　Satellite　Program’s　Operational
Linescan　Systemσ）MSP－OLS）night　syntheses　and　VEGETATION　data　（Bamholome　et
al．2005）．
Global　Land　Co▼er　2000　Urban　Map
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Figure　2．4　Global　Land　Cover　2000　Urban　Map
2．2．51）MSP－OLS
The　Nighttime　Lights　dataset　has　been　created丘om　data　collected　by　the　United　States
Air　Force　Defense　Meteorological　Satellite　Programσ）MSP）Operational　Linescan
System（OLS）．　This　illstnlment　has　a　low・1ight　imaging　capability，　designed　fbr　the
observation　of　clouds　illuminated　by　moonlight　in　tWo　spectral　bands（visible／near
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infra－red　and　thermal　infra－red）．　In　addition　to　detecting　moonlit　clouds，　the　instrument
can　be　used　to　detect　light　sources　present　at　the　earth’s　surface．
The　DMSP－OLS　data　are　o丘en　used　to　map　urban　areas　or　human　settlements（Elvidge
et　alり1997；Imhoff　et　al．，1997；Milesi　et　aL，2003；Gallo　et　aL，2004）．　There　are　wide正y
㎞own　problems　with　the　data，　possibly　the　most　signi五cant　of　which　concems　the
blooming　effect．　The　blooming　effect　is　an　overestirnation　of　the　actUal　eXtent　of　urban
areas，　dependent　on　to　intrinsic　characteristios　of　the　sensor（Elvidge　et　al，，1997，2004）．
There　have　been　attempts　to　impose　a　threshold　on　the　lights　in　order　to　reduce　this
effect（舳off。t　al．，1997）．　A　challenge　of　thi　s　technique　is　to　determine　appropriate
thresholds．　In　previous　research，　Irnhoff　ct　al（1997）used　a　threshold　of　detect　urban
areas　in　the　continental　U．S．；and　Amara豆et　al（2005）used　a　threshold　of　30％to　extract
abhlary　image　with　the　nightthne　light　area　in　the　Brazilian　Amazonian．
However，　a　s　ingle　threshold　could　significantly　overe　stimate　urbari　are亀　but　coロld　omit
alarge　number　of　towns　and　villages　with　a　relatively　small　proportion　of　settlements．
The　significant　differences　of　energy　availability　and　consumptio血，　Ievels。f　ec。n。mic
development　and　density　of　settlements　hl　a　regio且al　or　global　scale　may　resu］t　in
significantly　different　pixel　values　in　the　DMSP－OLS　imagery（Small　et　aL，2005）．　Thus，
the　urban　distribution　derived　from　a　single　thre　shold　technique　may　produce　a　large
error　in　the　spatial　pattern（Figure　2．5）．
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Figure　2．5　A　comparison　of　urban　area　in　DMSP－OLS　and　Landsat　ETM＋images．
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a，Landsat　ETM＋color　composite（RIGIBニ7／4／2）image　ofNanjing，　China．
b，DMSP－OLS　false　color　irnage　based　on　DN　values．
c，Landsat　ETM＋coIor　composite（RIGIB＝7／4／2）image　ofUrロmqi，　China．
d，DMSP－OLS　false　color　image　based　on　DN　values．
Obviously　shown　in　Figure　25，　the　threshold　based　teohnique　ca㎜ot　accurately　map
the　spatial　pattem　of　settlements．　Thore　are　some　problems　with　the　threshold－based
approach．　First　seIecting　an　appropriate　threshold　is　dif匠cult　and　seems　subj　ective．　No
single　threshoId　is　apPropriate　hl　a　Iarge　area　because　of　the　dififbrent　levels　of
socioeconomio　development．　Secondly，　a　large　uncertainty　may　be　generated　by　the
mixed　pixel　problem　and　the　impacts　of　background　such　as　ephemeral　light，10w　Ievel
ilIumination，　and　glint　of　light　into　adj　acent　water　bodies．　Finally，　a　large　number　of
small　se廿lements　may　be　lost，　and　the　spatial　pa廿em　i曲mation　is　reduced
significantly．
22．6　Otber　Research　efforts　to　map　urban　area
2．2．6．1The　DISCover　data　set　was　the　first　complete　high　spatial　resolution　global　land
cover　data　set　developed　from　remote　sensing　data　at　a　high　spatial　resolution（l
kilometer）．　This　data　sot　was　based　on　NOAAIAVH　RR　data　and　produoed　by　the
International　Geosphere／B　iosphere　Program　Data　and　lnforrnation　System（Belward，
1996）．The　urban　areas　are　represented　in　DISCover　as　the“Urban　and　Built　Up”
category（this　category　is　also　found　as　a　Level　I　class　in　the　Anderson　classification
soheme）．　ln　DISCover，　the　urban　areas　were　not　derived　from　the　NOAAIAVHRR　data；
they　were　included　as　ancillary　dataset　eXtracted　from　the　Digital　Chart　of　the　World
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Φanko，1992）．　Urban　areas　are　also　comprised　of　many　overlapping　spectral　pattems，
e．g．　from　vegetation　and　built　up　areas，　that　do　not　refiect　a　distinct　urban　area　signal　in
most　remote　sensing　datasets．
2．2．6．2University　ofMaryland　land　cover　map
Global　land　cover　data　sets　by　University　of　Maryland　were　created　fbr　the　purpose　of
providing　improved　global　land　cover　information　for　environmental　modelers．　Global
land　cover　products　derived　fヒom　data　from　Advanced　Very　High　Resolution
Radiometer（AVHRR）that　were　used　in　classification　were　collected　based　on　monthly
maximum　Normalized　Difference　Vegetation　lndex（NDVI）composites　co11ected行om
April　1992　to　March　l　993　inclusive．　The　dataset　was　downloaded丘om　the　Global　Land
Cover　　　　　Facility，　　　　　University　　　　　of　　　　　Maryland
（URL：h　／／．glcfumiacs．umd．edu／data／landcover　（Hansen　et　al．，1998）．　Urban　class
was　derived丘om　DCW，　because　of　limitation　of　AVHRR　data（Hansen　et　aL，2000）．
Figure　2．6　clearly　showing　urban　area　in　DCW　and　in　UMD　land　cover　map　are　same．
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Figure　2．6　YangtZe　River　regions　in　China　showing　Shanghai　city
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CHAPTER　3
NEVv　GLoBAL　URBAN　MLAPP】［NG
3．11ntroduction
Urban　areas　are　expanding　rapidIy　in　many　parts　of　the　worId．　Urban　encroachment
upon　agricultural　and　forest　lands　often　leads　to　environmental　degradati。n　and　a　loss。f
natural　productivity，　leading　some　analysts　to　suggest　that　the　present　rate　of
urba皿セation　constitutes　a　global　crisis（Diokenson，1976；Brown，1995）．
Approx㎞ateIy　half　of　the　Wbrld　population　Iives　in　urban　areas．　N血ety　percent　of
urbanization　is　occurring　in　low4ncome　countries（United　Nations，2004），　These
population　shifts　will　affe。t　large　social，　environmental，　economic　and　public　health
impacts．　Therefore　there　is　a　need　for　timely　information。n　hurnan　se廿lement
dis廿ibution，　location　and　size．　While　such　information　is　more　read｛ly　available　for
high－inoome　co㎜tries，　maps　of　se廿lements　in　low－inoome　countries　are　ofien　outdated，
inaccurate　or　nonexistent．　Mapping　urban　land　cover　is　important　beoause　it　reflects
land・use　pattems　related　to　socio－economic　activities　that　impacts　the　surrounding
　　　ロenVlrOnlnentS．
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What　is　needed　is　a　consistently　produoed，　regular正y　updated　and　acouracy　assessed
global　urban　map．　To　estimate　the　amount　of　land　devoted　to　urban　areag　it　is　necessary
to　build　spatially　explioit　human　settlement　maps　that　combine　ground　census　data　with
satellite。bs。rvation　of　built　environment．
Satellite　remote　sensing　has　been　a　usefUI　altemative　fbr　mapping　the　expansion　of
urban　land　uses．　Imagery　f士om　high　spatial　resolution（Quicklll　ird，　IKONOS，　SPOT　and
ALOS）and　medium　spatial　resolution（Landsat　TmaTM＋，工RS　and　ASTER）provides
alevel　of　detail　suf行cient　to　distinguish　urban丘om　non－urban　land　uses　in　most　cases
（Jackson　et　al．，1980；Hacck　et　a1．，1987；Guindon　et　al，2004；Cheriyadat　et　al，2007）．　If
high　or　medium　spatial　resolution　images　are　used　at　the　regional　and　global　scale，　the
cost　for　image　purchase，　and　the　time　and　labor　required　for　processing　and　interpreting
these　images　could　become　prohibitive．　The丘eque皿t　couId　condition　in　a　Iarge　area
also　make　it　difficult　to　collect　a　large　number　of　good－quality　tmages　within．　the　sarne
year．　It　is　imperative　to　develop　new　approaches　are　available　for　mapping　settlements
at　regional　and　global　scales．
The　only　existilg　continental　scale　maps　of　urban　areas　inchude　the　Digital　Chart　of　the
Wbrl　d　（1）CW）urban　Iayer（Danko，1992），　maps　derived　fセom　the　Defense
Meteorological　Satellite　Program　Operational　LineScan　System（DMSP－OLS）“low
light”sensor　or　nighttime　lights　dataσ∋lvidge　et　al．，1996），丘om　the　classification　of
Advanced　Very　High　Resolution　Radiometer（AVHRR）image】哩（Hansen　et　al，1998），
仕om　the　Global　Land　Cov¢r　mapping　2000（GLC2000）（Bartholome　and　Belward，
2005），倉om　population　census　data　GRUMP（Global　Rura正Urban　Mapping　Pr（）ject）
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（Center　for　lnternational　Earth　Soience　lnformation　NetWork（CIESIN）et　aL，2004），　and
倉om　the　MODIS　Land　Cover　Produot　Binary　Data　fヒom　Boston　University　by　fUsing
various　imagery　sources（Sch皿eider　et　aL，2003），
Problems　are　manifbld．　While　the　DCW　urban　data　are　extremely　valuable，　they　were
compiled　from　Operational　Navigation　Chart　data　from　the　1960s　and　no　longer　provide
an　accurate　representation　of　the　current　size　of　many　cities　espeoially魚st　developing
cities　in　low－income　countries．　The‘‘bloolning”effeot　of　nighttine　lights　data　inflates
city　boundaries・ApPlying　detection丘equency　thrcsholds　can　reduce　the　effect，　but　such
thresholds　also　attenuate　Iarge　numbers　of　smaller　lights（Small　et　al．，2005）．　Recent
coarse　resolution　global　urban　mapping丘om　AVHRR，　GLC2000　and　MODIS　are　also
unsatisfactory，　because　of　thc　tedious　process　of　training　data　collection　and
inadequaoies　ofiロclassification　algorit㎞s．
This　ohapter　describes　ongohlg　eff～）rts　to　produce　reliable　represen．tations　ofurban　areas
at　1㎞res。1ution，　as　part　of　a　project　of　GLCNMO（Global　Land　C。ver　by　National
Mapping　Organizations）．　The　primary　goal　ofthis　re　search　is　to　map　GLC］SUX40　urban
land　cover　at　1km　spatial　resolutio且by　Gridded　Population　density，　nigh廿ime　Iights㎝d
MODI　S－NDVI　data．　Comrnon　areas　after　threshold　pro　cessing　for　these　three　data　were
assigned　as　urban　area．　The　main血put　data　is　population　densi句data．　MODIS－NDVI
was　used　to　exclude　large　green　area　such　as　a　park　in　population　area．　N量ghttime　lights
（DMSP－OLS　data）were　used　to　exclude　villages　in　developing　countries　with　large
population．
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3．2Data
3．2．1Source　data
3．2．1．1Gridded　population　density　data
Global　gridded　population　data　compiled　on　a　301冒x30”1atitudellongitude　grid．　Census
counts（at　sub－national　level）were　apportioned　to　each　grid　cell　based　on　likelihood
coefficients，　which　are　based　on　proximity　to　roads，　slope，　land　cover，　nighttime　Iights，
and　other　information　http：／／www．om1．gov／sci／landscan！index．html　LandScan　was
developed　as　part　of　the　Oak　Ridge　National　Laboratory（ORNL）Globa蓋Population
Pr（）j　ect　for　estimating　ambient　populations　at　risk（Figure　3．1）．
Figure　3．1　Gridded　Population　density　data
Alth・ugh　LandScan　takes　P・pulated　area　int・acc・unt，　it　d・es・n・t　distinguish　urban　and
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rural　populations　in　the　database．　However　urban　areas　can　be　infbrred　by　analyzilg　the
population　density．
3、2．1．2Night亡ime　light　datasets：
Artificial　Iighthlg　is　a　unique　indicator　of　human　activity　that　can　be　measured　from
space．　The　nighttime　lights　dataset　has　been　created　from　data　collected　by　the　United
States　Air　Force　Defense　Mcteorological　Satellite　Program（DMSP）Operational
LineScan　System（OLS）．　DMSP－OLS　could　be　used　to　map　the　eXtent　and　character　of
development　more　accurately　and　completely　than　most　currently　available　tools．
The　data　aro　cloud－free　composites　made　using　all　the　availab　le　archived　DM　SP－OLS
smooth　resolution　data　fbr　calendar　years（Elvidge　et　aL，1996a，1999b），　Ih　cases　where
two　sateIlites　were　collecting　data－two　composites　were　produced．　The　products　are　30
arc－second　grids，　spanning－180　to　l　80　degrees　Iongitude　and－65　to　65　degreos　latitude
（Figure　3．2）．　A　number　ofconstraints　are　used　to　select　tho　highest　quality　data　for　entry
into　the　composites：
Data　are　fr。m　th。。ent。r　halfofthe　3000　km　wide　OLS　swaths．　Lights　in　the　center
halfhave　better　geolocation，　are　smaller，　a血d　have　more　consistent　radiometry．
　　＊Sunlit　data　are　excluded　based　on　the　solar　elevation　angle，
　　＊Glare　is　excluded　based　on　solar　elevation　angle．
　　＊Moonlit　data　are　excluded　based　on　a　calculation　oflunar　illumi血ance．
　　　＊Observations　with　clouds　are　excluded　based　on　clouds　identified　with　the　OLS
thermal　band　data　and　NCEP　surface　temperature　grids．
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　　＊Lighting　features　from　the　aurora　have　been　excluded　in　the　northern　hemisphere　on
an　orbit－by－orbit　manner　using　visual　inspection．
Website：htt：／／www．ngdc．noaa．gov／dms／ma　s．html
LLLIkllllll－L
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DMSP－OLS　Nighttime　Lights　Data
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Figure　3．2　DMSP－OLS　stable　nighttime　lights　data　in　2003
3．2．1．3MODIS－NDVI
（1）MODIS
The　Moderate　Resolution　Imaging　Spectroradiometer（MODIS）／Terra　was　launched　into
space・as・part・fNASA’s　Earth　Observing　System（EOS）platf・rm　in　December　1999・In
addition，　Aqua　MODIS　was　launched　in　May　2002．　The　obj　ective　of　MODIS　is　to
pr・vide　a　c・mprehensive　series・f　gl・bal・bservati・ns・fthe　Ea曲’s　land・・ceans・and
atm・sphere　in　the　visible　and　in丘ared　regi・ns・f　the　spec伽m・These・bse四ati・ns　a「e
critical　fbr　studies　of　climate，　vegetation，　pollution，　global　warming，　and　many　other
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imp。rtant　ec。nomic　and　envir。㎜ental　issues（NASA，2002）．
Terra’s　orbit　around　the　Earth　is　ttmed　so　that　it　passes　from　no1てh　to　south　across　the
equator　in　the　morning，　while　Aqua　passes　south　to　north　over　the　equator　in　the
a丘emoon．　Tbrra　MODIS　and　Aqua　MODIS　are　viewing　the　e皿tire　Earth’s　sur魚ce　eve1y
lto　2　days，　acquiring　data　in　36　spectral　bands，　or　groups　of　wavelengths（NASA，’
2002）．
MODIS　has　a　vie曲g　swath　wi曲。f　2β30㎞㎝d　views　the　entire　s曲ce。f　the
Earth　every　one　to　two　days．　Its　detectors　measure　36　spectral　bands　between　O．405　and
14．385pm，　and　it　acquires　data　at　three　spatial　resolutions　250－m，500－m，　and　1000－rn
Table　3．1
Table　3．1　MODIS　satellite　sensor　characteristics
Orbit 705㎞，10：30a．m．　descend三ng　nodeσヒrra）or　1：30
吹Dm．　ascellding　node　（Aqua），　sun－synchronous，
獅?≠秩|polar，　circular
Scan　Rate 20．3rpm，　oross　track
Swath　Dimensions2330㎞（cross甘ack）by　10㎞（al。皿g柱ack　at　nadir）
Quantization 12bits
Spatial　Resolution250m（bands　1－2）
T00m（bands　3－7）
P000m（bands　8－36）
Design　Lifb 6years
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（2）Extractio皿NM　）VI　from　MODIS
MODISITerra　Nadir　BRDF　A（ijusted　Reflectance　16　Day　L3　global　lkm　SIN　grid
product（MoD43B4NBAR）data（MODIs）with　two　bands（band　l－2）was　used．　These
MODIS　land　Bands　consist　of　re〔］fband正（620－670㎜），　near　infaraed／band2（841・876
㎜）．MODIS　data　in　2003，　s倣血g丘om　3「d　December　2002　to　16th　Decemb　er　2003，
were　acquired丘om　USGS　in　10deg×　10deg　of　SiIlusoidal　fbrmat．　There　data　were
then　mo　sai　cked　and　repr〔｝j　ected　into　Geographio　LatitUde／LongitUde（Figure　3．3）．　NDVI
were　calculated　using飼10wing飴㎜ula（Eq．1）．
　　　　　　　ハTIR－R
ハの7τ＝
　　　　　　　ハワR＋」R
（Eq．1）
WhLere　N正R　is　near　in丘ared　lband　and　R　is　red　band．　The　NDVI　in　equation（1）圭s
rede行ned　especialIy　fbr　application　with　the　MODIS　by　using　the　MODIS　bandl　and
Band2（Eq．2）
　　　　　　　Band2－Bandl1＞D刀＝
Band　2＋BandI
（Eq．2）
Bare　soiIs　are　often　a　problem　when　using　a　single　data　vegetation　index　image．　For
exampIe，　in　agricultUral　lands　different　seasons　could　have　different　surface　covers　such
as　crop　and　bare　soil．　In　order　to　better　separate　impervious　surface丘om　bare互ands，　use
of　multi－temporal　lsfi）VI　can　effectively　reduoe　the　impact　ef　bare　soils．　A　Maxtmum
Value　Composition（NDVIMax）was　then　app歪ied　to　a墨l　NDVI　images　wlth　the　aim　of
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selecting　Pixels　less　affeoted　by　clouds　and　other　atmospheric　pe血rbations　aolben，
1986；Alimuj　iang　et　al．，2007）．
This　research　generate　NDVIMax　with　the　maximum　algorithm　as　expressed　in（耳q．3）
NDVIM■＝MAX［NDVII，　NDVI2，　NDVI3・…　NDW，，］　　　　　　　　　（Eq．3）
Where　NDVI1，　NDVI2，　NDVI3…・NDVI23　are　the　multi－temporal　MODI　S－NDVI
images　aoquired　starting丘om　3「d　December　2002　to　16山December　2003．
MODIS・NDVI　data　were　sorted　based　on　the　continents　into　five　regio皿s：North
Americ亀South　America，　Afヒicε』Eurasia　and　Oceania．　Character量stics　of£he　final
rep　roj　ected－data　with　five　continents　are　iHustrated　in　Table　3．2
　　　　　　　Table　3．2　The　dataset　characteristics　of　the　generated且ve　continents．
Continent
Data　Size
Coordinate（LaザLong）
Size（Row／
bolu㎜s）
Center　ofthe　most
浮垂垂?秩@le丘pixe1
Center　ofthe　most
hower　right　pixe玉
Nor血
`mlerica20018×8896
一2．03GB 179d59143．8111W
V9d59143．8PlN
00dOr34．93閥E
nOdOO「22．41”S
South
`エnerica7000×8700
～0．813GB95d17’25，44”W
P8d13158、44“N
32d20，21．84”W
U0dOα2232マlS
Eurasia24370×11120
～3．53GB 39dO9143．99”W
V9d59159．9911　N
179d59149．89”E
Q0dOO「07．78暫I　S
Af60aU613×8896
～1．34GB 26dO6’29．32”W
R9d59’59．99”N
78d19，39．22閥E
S0dOOIO6．21暫l　S
Ocear直a10007×6672
～0．89玉GB 90dOα16．19”E
nOdOO暉16．19’I　S
179d59150．8PE
U0dOOI20．851’S
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MODIS－NDVI　data
Figure　3．3　Maximum　Value　Composition　IN［DVI　data　derived　from　MODIS　in　2003
3．2．2Validation　data
一工andsat　ETM＋data　1999－2002
Eighty　scenes　Landsat　Enhanced　Thematic　Mapper　（ETM＋）images　of　worldwide　urban
regi・ns　were　acquired丘・m　G1・bal　Land　C・ver　Facility・awebsite・f　which・ffers
c・mprehensive，丘ee　satellite　images・f　places　w・rldwide　f・r・land・use／c・ver　research・
Of　them，　the　thirty－five　Landsat　ETM＋scenes　were　seIected　fbr　the　validation（Figure
3．4）．T・・make・the・data・c・nsistent，　all　the　images　selected　were　ETM　imagery・f2000・
20010r　2002　with　a　higher　spatial　resolution　of　14．25m　in　its　panchromatic　band．
Landsat　ETM＋data　were　visually　interpreted　and　compared　with　lkm　resolution
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GLCNMO　urban　map．
・・… x－一一で〆『ｪγ’一‘’“”哺～P軌’　～・妻
Figure　3．4　Distribution　of　Urban　validation　Landsat　ETM　data
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3．3Methodo豆ogy
3・3・1・F置ow　chart　ofthe　Methodology
In　the　fbllowing　sections，　the　mcthodo正ogies　fbr　creating　cont量nental　scale　maps　of
urban　area　using　multiple　sources　ofinput　data　are　described　in　Figure　35．
This　involved　three　maj　or　tasks．
●
●
■
to　threshold　Gridded　population　den　s　ity，　nighttime　lights　and　MODIS－NDVI　data　as
a　reference　of　fme　resolution　Landsat　ETM＋．
to　combine　the　urban　map　derived　f｝om　Gridded　population　density　with　nighttime
lights　and　MODIS－NDVI　data．
to　validate　the　final　urban　mapping　with　fine　resolution　Landsat　imagery　as　well　as
the　six　existing　conti皿ental　scale　urban　maps．
Different　remotely　sensed　data　have　their　own　characteristics　and　combined　use　ofthem
could　provide　more　information　than　their　individuals．　Data釦sion　is　a　process　dea重ing
with　data　and　information丘om　multiple　sources　to　achieve　refmed！impreved
information　for　decisi。n　makmg　（Pohl　and　Genderen，1998）．　The　comm。n　data　s。ur。es
include　SPOT，　Landsat　and　radar（Toll，1985；Weloh　ot　al．，1987；Haook　et　al．，2002）．
However，　very　few　researches　examinod　the　data　fUsion　approaches　for　multip　le　sensors
ofcoarse　spatial　resolution　images．
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PopUlation　Den8ity
　　Data（1Ki　n）
Exalude　Green　Area
　　　　In　Urban
Exclude　rural
　　　area
GLCNMO
Urban　Map
Aecuracy　asse8sment
Using　Landsat　ETM＋
Landsat　ETM＋
DMSP，　DCW，　MOD12Ql
GLC2000，　GRUMP
Cemparisen
Figure　3．5　Flowchart　of　the　methodology
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3．32　Thres血01d　Processing　in　Gridded　Popu］ati⑰n　density，　DMSP　a皿d
MODIS－NDVI　datasets　with　the　reference　of　Landsat　ETM＋
The　methods　involved　three　main　steps　as　shown　in　Figure　3．5王n　the　first　step，
thrresho　ld　gridded　population　density　dat4　nighttime　lights　and　NDVI　data　derived　from
MODIS　with　a　reference　of　fhe　resolution　Landsat　ETM＋．　In　the　second　step，
MODIS－NDVI　data　was　u　sed　to　exclude　green　area　in　the　urban　area．　F　ina11y　DMSP
data　was　used　to　exclude　rural　area　around　urban．　In　this　way，　information　from　all　three
data　sources　was　combined　to　create　a　final　map　ofurban　area　and　oompared　with　other
existed　global　urban　maps．　Detail　regarding　each　ofthe　three　steps　area　provided　below．
In　these　datasets，　when　the　threshold　of　population　density，　illumination　intensity　and
vegetation　density　decreased，　the　urban　pixels　hlcreased．　Applyhlg　a　threshold　lhnits
how　ma血y　of　the　pixels　are　reasonable　for　classification　as　part　of　urban　areas．　For　tho
血ree　datasets，　a　high　threshold　value　generates　a　small　urban　are亀whilo　a　less
conservative　value　produces　an　expanded　urban　area．　In　order　to　seleot　an　apPropriate
threshold，　we　mado　use　of　representative　eighty　Landsat　ETM＋images　that　were
reasonably　close　in　date　to　the　2000s　time　frame　ofthe　Population　data　inagery．
The　Gridded　P。pulati。n　imagery　is　resampled　from　its　1　km　resolution　to　the　30m
resolutions　of　the　Landsat　ETM　data．　As　a　reference　of　Landsat　ETM＋imagery，
．different　threshold　were　given　based　on　contin、e皿ta韮scale（Table　3．3）．
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Table　3．3　Threshold　value　ofpopulation　density，　MODIS－NDVI　and　DMSP
Regions Threshold　Value
Popu三ation　densityNDVI DMSP
Asia
Europe
A丘ica
North　America（exc里ude　U．S．A）
USA
South、　A皿lerica
Ooeania
800
500
800
500
500
800
500
0．52
0．72
0．52
0．62
0．82
0．52
0．72
OnU　　5ー⊥2
The　global　spatial　distribution　of　human　population　is　extremely　nonuniform．　Thes。
results　demonstrate　that，　fbr　cities　at　diffbrent　levels　of　development，　quito　different
thresholds　are　required　when　ushlg　Gridded　populatio且imagoτy　to　delineato　areas　that
approximate　the　urban　areas　seen　in　Landsat　ETM＋imagery．　Higher　thresholds　are
required　with　higher　levels　ofpopulation　donsity　continents，　like　Asi亀　Afrioa　and　S　outh
Amerioa．　Lower　thresholds　are　required　with　higher　levels　of　ecollomic　development
places　with　low　population　den　sity，1量ke　North　Arneric亀　Europe　and　Oceania．
3・3・3Exclude　of　gree皿area　in　urban　using　MODIS－NDVI
In　our　Landsat　analysis，　the　trees　and　meadows　of　Golden　Gate　Park　were　classified　as
non－urban，　even　though　the　social　use　of　the　park　as　a　whole　i　s　urban．　MODIS－NDVI
data　was　used　to　exclude　green　area　in　the　urban．　Generally，　the　cities　of　developing
regions　exhibit　the　least　complex，　most　compact，　least　porous　and　densest　urban　forms．
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Cities　of　developed　regions　display　diametrically　opposed　tendencies（Jingnan　et　al．，
2007）．Using　high－resolution　data　from　Google　earth，　we　analysis　urban　landscape　types
in　developed　and　developing　regions．　Figure　3．6　shows　high　NDVI　threshold　are
necessary　in　the　region　USA　and　Europe，　otherwise　the　urban　area　is　underestimated．
Therefbre　high　NDVI　threshold　were　given　to　cities　in　developed　regions，　like　North
America　and　Europe．　Lower　NDVI　threshold　were　given　to　cities　in　developing　regions，
like　Asi亀　South　America　and　A丘ica．
　　　　　　　　Figure　3．6　Examples　ofUrban　landscape　types　in　developed　regions
Note：High　resolution　data　get　from　Google　Earth
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3．3．4　Exclude　rural　area　using　DMSP
The　DMSP－OLS　nighttime　imagc　ref【ects　the　existence　of　human　activates．　The
intellsity　of　the　oity’s　nighttime　Iighting　is　closely　related　to　population　density　and
ooollomic　conditions（Elvidge　et　aL，2007），　Asian　cities　manifest　the　densest　population，
fbllowed　by　South　American　cities．　Rural　areas　with　high　population　density　excluded
using　the　threshold　of　DMSP　data（Figure　3．7）．　In　DMSP　datasets，　high　threshold　value
give　to　North　Americ4　Europo　and　Oceania，　since　their　high　levels　of　e皿ergy
consumption（Welch，1980），　Iowest　threshoId　value　are　given　to　Africa．　The　cities　il
Africa　are　substantially　less　bright　compared　to　industrialiZed　cities．
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Figure　3．7　Comparison　GLCNMO　with　the　urban　map　derived丘om　population　density
data　under　tested　area　Beij　ing，　China（A　l　and　A2）and　Cairo　in　Egypt（B　l　and　B2）．
Al　and　B　l　are　the　maps　befbre　applying　nighttime　lights　DMSP　threshold　data．
A2　and　B2　are　the　maps　after　applying　nighUime　lights　DMSP　threshold　data．
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3．4　Results
Representative　results　fbr　GLCNMO　urban　areas　in　Figure　3．8　created　by　Gridded
population　density　dat亀　nighttime　lights（DMSP）and　MODIS．　While　it　is　difficult　to
assess　the　quality　of　the　results　at　continental　scales，　regional　views　in　Figure　3．9　show
that　the　sizes　and　shapes　of　cities　are　in　good　agreement　with　the　expected　urban
morphology　of　each　region．
Figure　3．8　GLCNMO　urban　land　cover　map
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畢A　Eastern　part　of　China　showing　Beijing，　Tianji　g
　　　　　　　　．　　　　　。　尾ン’：尋・：　・．”；、讐・
　　　　　　　　　　　　　t　．：・’：t’：．：　・e’も・ζ．．．r’，　L？．
　　　　　　　　　　㍑1ダ竃
CNile　River　Bashl　showing　Cairo　in　Egypt
B　Southern　part　of　Japan　showing　Osaka
s・s6”
叢
D　Java　Island　in　Indonesia　showing　Jakarta．
　　　　　　　　　　　　Figure　3．9　Four　regional　views　ofGLCNMO　urban　map．
A．Eastern　part　of　China　showing　Beij　ing，　Tianj　ing．　B．　Southern　part　of　Japan　shoWing
Osaka．　C．　Nile　River　Basin　showing　Cairo　in　Egypt．　D．　Java　Island　in　Indonesia
showing　Jakarta．
Also　Figure　3．10　is　showillg　the　final　urban　class　and　source　data　at　the　scale　of
individual　cities．　The　two　urban　area　presented　in　these　figures；Tokyo　and　Beij　ing．
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　　　　　　　　　　響
鹸・’ 　　夢
．≒iL、．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　 Figure 3．10a　North east part ofJapan　showing　Tbkyo　metro　clty．
A）Fine　resolution　Landsat　ETM＋color　composite　image（urban　areas　appear　purpIe）．
B）Population　density　data　with　threshold　value　800．
C）Maximum　Value　Composition（MVC）NDVI　data　extract　from　MODIS．
D）Nighttime　lights　data（white　boundary　represents　threshold）
E）GLCNMO　map・f　urban　area（c・mbinati・n　B・Cand　D）
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　　　　　　　　　　　Figure　3．10b　North　part　of　China　showi　lg　Beij　ing　city．
F）Fine　resolution　Landsat　ETM＋color　composite　image（urban　areas　appear　purple）．
G）Population　density　data　with　threshold　value　800．
H）MaXimum　Value　Composition（MVC）NDVI　data　extract　from　MODIS．
1）Nighttime　lights　data（white　boundary　represents　threshold）
J）’　GLCNMO　map　of　urban　area（combination　q　H　and　1）
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Visual　inspection　of　Figure　3・9　and　FigUre　3．10　suggested　that　［hreshold　population
density，　nighttime　lights　DMSP　and　NDVI　with　the　reference　of　fne　resolution　Landsat
ETM＋works　wol1（Alimujiang＆Tateishi，2008）．　At　local　scales，　the　low－density
residential　areas　are　presented　in　the　map．
3．5．Prob夏ems．enco腿ntered　l　findings
This　stUdy　has　revealed　that　GLCNMO　urb　an　rnapping　by　threshold　ghdded　population
density　data　and　cornbination　of　nighttime　lights　data　and　MODIS　data　with　the
refbrence　of　fi且e　resolution　landsat　ETM＋．
This　mapping　and　comparisoll　approach　has　proved　GLCNMO　urban　map　to　be　more
accurate　in　terms　of　mapping　urban　extent，　size　and　the　Iocation　tha且any　of　the　other
available　global　urban　maps．
One　particularly　important　result　from　this　study　is　that　the　gridded　population　density
data　and　nighttirne　lights　data　have　usefUl　information　regarding　to　spatial　extent　of
urb　an　area　that　can　b　e　integrated　with　the　NDVI　data　available　f｝om　MODIS．
The　urban　landscape　is　a　complexity　consisting　of　different　1and　oovers，　such　as　trees，
1awns，　impervious　surfacos　and　water．　In　remotely　sensing　dat亀especialIy　in　coarse
．spatial　resolution　image，　nlany　differcnt　land　covers　may　be　mixed　in　a　pixel．　This
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problem　often　induces　difficulty　in　extracting　urb　an　area　f士om　remote　sensing　data，
The　GLCNMO　urban　map　results　are　quite　reasonable　in　conthlental　and　national　scales．
Howevcr，　misclassi丘ed　pixels　ooourred　when　compared　with　ETM＋and　high－resolution
urban　map　from　Google　earth，　Espeoially　in　developed　regions正ike　Unite　States　and
Europe，　somo　residential　area　with　much　green　or　near　big　park　were　miscIassified　as
green　area　（Figure　3．11）．　It　is　important　to　analyze　global　urban　characteristios　fbr
higher　accuracy．
For　Africa，　the　ancillary　data　were　too　problematic，　and　Africa　was　successfUlly　mapped
with　MODIS　data　alone．　Any　city　around　the　globe　1arger　than　a　few　square　kilometers
should　be　represented，　barrillg　those　areas（such　as　the　maj　ority　ofthe　Congo　basin）that
have　continuous　cloud　cover．　In　addition，　the　scaIe　of　oities　in　developing　countries　is
quite　different　from　the　re　st　of　the　world，　so　that　most　sma11　cities　in　Afirica，　lndia　and
China（whioh　might　only　be　one　pixe1）are　not　represented．
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Figure　3．11Comparisons　GLCNMO　with　Google　Earth．　The　residential　area　near　the
　　　　　　　　　　　　　　　　　　　　big　park　misclassified　as　non－urban．
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3・6・Summary
In　summary，　this　research　has　shown　that　the　oolnbined　use　of　medium　and　coarse
spatial　resolution　images　is　promising　in　settlement　mapPhlg　at　the　regional　scale．　A
combination　of　Grldded　Population　density，　nighttime　lights　DMSP－OLS　and　Maximum
NDVI　f卜om　MODIS　provided　a　better　estimation　perfbrmance　than　individual
Population　density　or　DMSP・OLS．　Threshold　and　multi－source　geospatial　data
integration　technique　were　particularly　effective　fbr　resolving　confUsion　between　urban
area　and　other　land　cover　types．　This　rescarch　provided　a　new　approach　fbr　rapid　and
accurate　estimation　of　human　settlements　at　the　regional　scale　based　on　coarse　spatiaI
resolution　images．　GLCNMO　global　urban　map　by　Gridded　Population　density，
nighttime　lights　and　NDVI　frorn　MODIS　data　as　a　reference　of　fine　resolution　ETM＋is
especially　valuable　fbr　timely　updating　settlement　databases　at　regional　and　global
scales　with　limited　time，1abor　and　cost．
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CHAPTER　4：
COMPARIsoN　OF　PRODucED　URBAN　MAP　wITH　ExISTING
GLoBAL　URBAN　MAPs
4。11ntroduction
Ninety　percent　of　prql　ected　global　urbanization　will　be　conoentrated　in　low　income　countr1es．
This　will　have　considerable　environmental，　economic　and　public　health　i血plicati。ns　for　th。s。
populations．　To　estimate　the　arnount　of　land　devoted　to　urban　are4　it　is　necessary　to　build
spatially　explicit　human　settlement　maps　that　combine　ground－based　census　data　with
satellite。bservati。ns　ofthe　built　environment．
Large－area　maps　of　urban　extents　are　becoming　increasingly　available　in　the　p1ユ『blic　domain，
as　are　a　wide－range　ofmedium　spatial　resolution　satellite　imagery．　These　range丘om　utilizing
military　mapping　data（エ）CW）to　population　census　data　centred－approaches（GRUMP），
through　to　a　range　of　earth　observation　satellite－based　techniques．　For　example，　Iarge－soale
maps　of　urban　areas　have　been　produced　via　threshold　nighttime　light　imagery，　interpretation
of　DMsP　with　MoDIs　data（MoD12Q1）and　inteny）retation　DMsP　with　sPoT
VEGETATION　data（GLC2000）．　These　independence　maps　have　drawn　on　a　combination　of
satellite㎞agery，　ground－based　census　data　and　GIS　maps　to　create　est㎞ates　of　urban　area
with　global　extents．
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Here　in　this　research　produced　new　global　urban　maps　compared　with　f　ne　resolution　Landsat
ETM＋irnagery　and　the　existing　global　url）an　map　s　for　accuracy　assessment．
4・2　Existing　910bal　urban　maps
Four　most　widely　used　global　urban　maps　and　nighttine　lights　DMSP　were　obta㎞ed　fbr
comparison　and　eaoh　is　described　in　detail　in　Table　4．1．Each　of　these　maps　has　a　various
approach　to　urban　lands，　employing　sets　of　methodoIogies　that　draw　on　using　remote　sensing
imagery，　ground　based　census，　electrification　and　geographic　information　systems（GI　S）data
Iayers．
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4・3Comparison
Not　aIl。fthe　gl。bal　urban　maps　share　a　co㎜。n　geospatial　model．　For　com齢o皿，　each　of
the　urban　maps（DCW，　GLc2000，　MoD　12Ql　GLCNMO，　GRUMP，　DMSP－OL　s）in　table　4．l
was　c。registered　to　uniform　ge。graphi。　projection，3011　arc－second　raster（O．86　km2　cells　at
th¢equator）and　the　WGS－84　datum．　DCW　map　was　converted　to　raste而le丘om　a　vector
format．　’lhe　pixel　size　in　GLC2000　was　sampled　from　32．14”arc－second　to　30軸arc－second．
Bocause　ofthe　limitations　ofAdvanced　Very　High　Resolution　Radiometer（㎜）imagery，
lack　of　quality　training　data　and　the　inadequaoics　of　traditional　classification　algorithms，
cities　comes　from　DCW　in　UMD　Land　cover　dataset（Loveland　et　aL，2000；Hansen　et　aL，
2000；Fried正et　aI．，2002）．
Figure　4．1　shows　the　subsets　of　each　of　the　five　global　maps，　Landsat　ETM＋and　nightt董me
lights　DMSP　data　under　test　of　l　l　cities　in　five　continents．　The　nighttime　lights　layer　used
here　was　a　continuous　surface　and　therefbre　threshold　was　undertaken　to　discriminate　urban
丘om　non－urban　and　lessen‘‘blooming　effects，，（Henderson　et　aL，2003）．
C。mp曲on。f血e　1一㎞c。arse　resoluti。面ve　gl。bal　urban　maps　and　DMSP　vvith　30　m　fme
resolution　Landsat　ETM＋，　GLCNMO　urban　map　result　by　Gridded　populations　density，
nighttime　Iights　DMSP　and　MODIS　data　are　quite　sh皿ilar　with　the　urban　area　in　Landsat
ETM＋．
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4・3・1　Per－pixel　comparison
Effective　use　of　classified　maps　requires　thorough　analysis　and　quantification　of　map
quality．　The　per－pixel　agreement　between　the　urban　area　derived丘om　Landsat　ETM＋
data　and　the　six　global　naps　of　urban　land　cover　was　examined　at　the　level　of　individual
cities．　Independent　sets　of　20001－krn　piXeIs　were　used　for　p　er－piXel　compari　son．1000
0f　the　2000　test　pixels　were　randomly丘om　urban　class　derived　from　Landsat　ETM＋，
with　other　1000　randomly　sampled　from　non－urban　class．　Producer，s，　User’s　and　overall
accuracies　were　caloulated　and　displayed　in　Table　4．2
Table　4．2Results　ofper－pixe1　comparison　of　each　urban　map
Urban　Class Non－Urban　Class
Urball　map
PA（％） UA（％） PA（％） UA（％）
Overall
Accuracy
　　（％）
DMSP
DCW
GLC2000
MOD　12Ql
GLCNMO
GRUMP
81．0
47．0
66．9
63．8
83．5
51．0
59．0
55．1
50．8
68．9
84．8
88，8
71．1
91．5
64．7
69．4
80．8
75。7
89．3
87．0
78．5
65．1
80．0
29．1
73．4
64．7
65．王
65．7
8L5
55．7
The　user’s　accuracy　represents　pixels　that　are　non－urban　but　which　the　map　mislabels　as
urban．　Tl）e　producer’s　accuracy　measures　pixels　that　are　tuly　urban，　but　which　the　map
58
mislabels　as　non－urban．
Table　4．2　shows　the　results　of　per・pixel　comparisons　between　classified　urban　map丘om
Landsat　ETM＋and　the　six　globaI　urban　maps　tested．　For　the　nighttime　lights　data　the
user’s　acouracy　fbr　the　urban　class　is　substantially　Iower　than　the　producer’s　accuracy．
Because　of　the　nature　of　tho　nighttime　I圭ghts　data（i．e．，　they　are　a　depictio皿of　light
sources　and　not　urban　land　cover），　many　pixels　fall　outside　the　true　city　boundarics，
This　results　in　a　low　user’s　accuracy．　On　the　other　hand，　the　nighttime　lights　data　have
no　probIem　captu血lg　the‘‘tru♂urban　pixels　correotly，　which　results　in　a　bigh
producer’s　acouracy．　Because　the　DCW　are　outdated，　the　user，s　accuracies　are　high　fbr
tho　non－urban　class　ofthis　map．　This　result　occurs　because　the　DCW　map　misses　many
areas　of　new　growth　and　suburbs．　In　GLC2000　dat亀many　urban　areas　i且developing
regions　in　Asia　are　misclassifシing　to　other　class　types，　so　the　user’s　accuracies　are　low
fbr　the　non－urbanL　dass．　GRUMP　shows　the　lowest　overalI　acouracy　despite　user’s
accuracy　f（）r　urban　olass　is　the　highest（88．8％）量n　other　five　g童o→bal　urban　maps．　Thε
main　reason　is　non－urban　user’s　accuracy　of　29．1％shows　that　only　less　than　one　third
of　non－urban　pixeIs　were　mapped　correctIy．　This　suggests　that　GRUMP　overestimates
consistently　urban　area．　MODIS　fUsion　map　suggested　urban　area　overestirnated　in　most
cases　and　underestimation　in　others．　Finally，　the　largest　user’s，　producer’s　and　overall
accuracies　fbr　both　urban　and　non－urban　classes　were　produced　by　GLCNMO　urban
map　with　values　above　80％in　all　cases．　This　indioates　accurate　classification　of　both
urban　and　non軸urban　sample　pixels．
4．3．2Settleme皿t　stZe　comparison
An　additional　of　comparison　of　urban　area　sizes　proved　a　usefUI　assessment　of　map
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quality・Scttlement　size　comparison　is　inoluding　continental　scales　country－level　soale
a皿dthe　scale　of　individual　urban　patohes．　Each　of　these　scales　is　relevant　to　different
case　ofpotential　map　users．
4・3・2・1Conti皿enta1　scales　comparison
Figure　4．1　prescnts　the　total　extent　of　urban　Iand　per　oontinental　fbr　each　of　five　urban
maps．　The　most　obvious　fbature　of　Figure　4．2　is　the　order　of　magnitude　variance　in　total
urb　an　area丘om　large　amount　to　small：GRuMP，　MOD　12Q1，GLCN巌0，　GLc2000　and
DCW　In　the　case　of　GRUMP，　the　urban　area　overestimation　is　due　to　the　use　of
unthresholded　nightt㎞e　lights　da砥ineorporating　the　b　looming　effect　associated　with
this　imagery（Figure　4．2　and　Figure　4．1　Column7）．　In　MoD　12Ql　map，　because　the
coarse　resolution　population　density　data　used，　the　small　amount　of　urban　training　data
utilized，　and　the　loss　of　information　due　to　aggregation　and　mixed　pixel　effecちthe
rosults　are　the　overestimation　of　urban　aroa，　espeoia11y　Asia　continent（F董gure　4．2　and
Figure　4．1　C。lumn6）．　GLCNMO，　urban　area。lose　t。　the　estimate。f　urban　area　based
on　UN　Population　Division　national－level　urban　statistics（UN，2003）and　regional－leveI
urba皿population　densities　fbr　year　2000（Angel　et　aL，2005）（Figure　4．2　and　Figure　4．1
Column5）．　In　GLC2000血ap，㎜derestimati。n　the　urban　area　in　Asia　especially　very
small　estimates　fbr　China，　India　and　other　develophlg　regions．　Sincc　The　COR皿｛E
（C。ordination　of舳πnation　on　the　Enviro㎜ent），　fine　scale　map　of　land　cover　for　the
European　Union，　used　fbr　urban　map　ofEurope　continent，　the　esthnation　of　urban　area
are　quite　good（Figure　4．2　and　Figure　4．1　Column4）．　DCW　map，　which　was　compiled
丘om　Operational　Navigation　Chart　data丘om　1960s，　has　good　estimate　urban　area　in
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developed　region　such　as　Europe　and　North　Americ亀but　it　can’t　provide　an　accurate
representation　of　the　fast　urban　growth　regions　in　AsiζSouth　America　and　Afセica
（Figure　4．2　and　Figure　4．1　Column3）．
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200000
DCW GLC2000GLCNMOMODI　2Q1GRUMP
■Asia■Africa口Europe口North　America■South　America■Oceania
Figure　4．2　The　distribution　of　urban　land　per　continental　region　for　five　global　urban
maps
4．3．2．2Country　level　comparison
It　is　possible　to　continue　this　comparison　at　the　scale　of　counUies，　which　serve　as
underlying　units　behind　the　world　regional　aggregation　scheme．　We　take　Japan　as
example　to　compare　the　urban　percentage，　which　is　calculated　in　different　global　urban
maps（Figure　4．3）．
In　nationa1－scale　comparison，　the　urban　percentage　within　each　map　reveals　variance．
For　example，　the　urban　percentage　are　29．5％，16．4％，8．9％，3・12％，1・47％and　O・47％
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in　GRuMP，　MoD　12Q1，　DMsP，　GLcNMo，　Dcw　and　GLc2000　map　respectively．
while　GRuMP，　MOD　12Q　l　and　DMSP　are　overestimated　the　urban　are亀　the　Dcw　and
GLC2000　are　underestimate　the　urban　area．　GLCNMO　map　urban　estimation　is　more
reasonable．
Figure　4．3　［he　distribution　of　urban　land　in　Japan　for　Six　global　urban　maps
4．3．2．31ndividual　city　comparison
This　method　compares　the　area　mapped　as　urban　for　a　given　city　at　lkm　resolution
against　the　Landsat　ETM＋data　at　a　30m　resolution　Figure　4．4．
Figure　4．4　shows　scatter　pIots　of　fine　resolution　Landsat　ETM＋derived　settlement　size
against　the　settlement　size丘om　the　five　global　maps　under　tesちwith　one－to－one　lines
superimposed．　The　location　of　each　of　the　points　above　or　below　the　one－to－one　line　on
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the　scatter　plots　indicates　whether　an　urban　area　has　been　overestimated　or
underestimated．
In　Figure　4．4，　the　DCW　map　underestimated　city　sizes（Figure　4．4a），　since　recent
decades，　urbanization　has　been　increasing　a　lot，　but　Moscow　in　Russia　much
overestimated，　this　is　result　of　reflecting　the　cold－war　legacy　of　this　data　sources．　In　the
GLC2000　map（Figure　4．4b）underestimates　slightly　in　some　cases　and　overestimates　in
others．　Also　many　cities　in　China　are　estimated　city　size　is　zero，　which　means　these
cities　are　misclassified　to　other　class　types．　MoD　12Ql　map（Figure　4．4c）overestimated
in　most　cases　and　underestimated　in　some　other　area．　In　GLCNMO（Figure　4．4d），　the
sizes　of　the　35　cities　are　estimated　without　much　bias．　In　the　case　of　GRUMP（Figure
4．4e），　the　area　overestimation　is　due　to　the　use　ofunthresholded　nighttime　lights　data．
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Figure　4．4　A　comparison　Landsat　ETM＋estimated　settlement　siZe　against　estimated
settlement　size　by　Dcw，　CLC2000，　MoD　12Q　1，GLCNMo　and，　GRuMP
4．3．3　Settlement　location　comparison
Per－pixel　and　settlement　size　assessments　provide　usefUI　information　regarding
agreement　between　each　urban　map　and　the　fine　resolution　Landsat　ETM＋data．
However，　neither　provides　information　on　any　geographic　pattern　errors　may　display．　To
explore　the　nature　of　these　errors，　a　series　of　one－kilometer　buffers　around　the
representation　of　three　most　populace　settlements；Cordoba　in　Argentina，　Osaka　in
Japan，　Melboume　in　Australia．
Each　buffer　was　overlaid　on　each　map，　and　the　numbers　of　urban　pixels　falling　within
each　buffer　were　calculated　Figure　4．5．　This　procedure　was　repeated　until　all　non－urban
area　within　the　state　was　considered．
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Figure　4．5　Demonstration　ofthe　buffer　process　used　to　assess　the　location　of　errors．　The
Figure　shows　the　urban　core　in　black　with　seven　1km　buffers．
Results　from　Figure　4．6　are　shown；in　each　case　GRUMP　clearly　shows　location　error
and　much　overestimation　of　urban　extent　and　lesser　extent　in　all　figures　by　MOD　12Q　l，
the　other　three　maps　shown　consistently　more　accurate　location　and　extent　estimation．
Each　with　no　pixels　classified　incorrectly　within　2km　of　the　Landsat　ETM＋defined
boundaries　fbr　all　fbur　settlements．
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Figure　4．6　A　comparison　location　accuracy　in　the　three　urban　maps
4．4．Conclusion
ApPr・ximately　half・f　the　W・rld　p・pulati・n　lives　in　urban　areas・Ninety　percent・f
urbanization　is　occurring　in　low－income　countries（United　Nations　2004）．　These
P。pulati・n　shifts　will　affect　large　s・cial，　envir・nmental・ec・n・mic　and　public　health
impacts．　Theref・re　there　is　a　need　f・r　timely　inf・rmati・n・n　human　se賃lement
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distribution，藍ocation　and　size．　While　such　infbrmation　is　more　readily　available　fbr
high－income　countries，　maps　of　settlements　in　low－income　cou皿tries　are　often　outdated，
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゆ1naCCUrate　Or　nOneXl　Stent．
WZhat　is　noedod　is　a　consistently　produced，　regularly　updated　and　accuracy　assessed
global　urban　map．
This　research　also　pursued　a　variety　of　accuracy　assessment　apProaches，　including
methods　that　conlpare　regional　and　local　subsets　of　GLCNMO　to　DCW，　DMSP，
GLC2000，　MOD12Ql，　and　GRUMP　urban　data．　This　mapping　and　comparison
approach　has　proved　GLCNMO　urban　map　to　be　more　accurate　in　terms　of　mapping
urban　extent，　size　and　the　location　than　any　ofthe　other　available　global　urban　maps．
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CHAPTER　5：
CHARACTERIzATION　oF　URBAN
5．1．Introduction
Over　half　of　the　6　billion　people　on　Earth　currently　l玉ve　in　cities　and　metropolitan　areas，
up肋m　just　5　percent　in　l900（UN，2005）．　Although　urban　area　themselves　are
considered　to　cover　approximately　orle　percent　of　the　total　land　are亀their　extent，
distribution　and　evolution　have　enorm。us　impact　on　environmental　and　socio－e。。n。mi。
dynamics　worldwide（Chameides　et　aL，1994）。
Remotely　sensed　data　have　begun　to　play　a　substantive　role　in　investigating　alterations
of　the　Earth’s　surface　within　and　near　urbaniZed　areas，　and　in　monitoring　and　modeling
these　changes（耳owarth　and　Boasson，1983；Ehlers　et　al．，1990；Seto　et　al，，2000；
Soh皿oider　ot　al．，2003；Herold　et　aL，2003）．　Satellite　remote　sensing　offers　a　tremendous
advantage　over　historieal　maps　or　air　photos，　as　it　provides　recurrent　and　consistent
observations　over　a　large　geograph董cal　area，　reveals　explic童t　pattems　of　land　cover　and
land　use，　alld　presents　a　synoptic　view　ofthe　landscape（Jensen　and　Cowen，1999）．
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Mapp　ing　urban　Iand　cover　is　impor由nt．　Despite　its　fUndamental　importance，　urban　land
cover　has　not　been　oharacterized　to　the　same　extent　that　other　land　cover　types　have．正n
order　to　quantifシthe　extent　and　evolution　of　urban　areas　with　optical　sensors　it　is
necessary　to　understand　the　physical　characteristics　that　distinguish　urban　area　from
other　types．
Aproliferation　of　new　methods（Paola　and　Schowengerdt，1995；Chan　et　aL，2001；
Langevin　and　Stow，2004）and　readily　available　data　sources（Tucker，2004）has　mado
monitoring　urban　changes　easier　and　more　rapid　than　in　the　past．　Despito　those　advances，
investigations　are　consistently　compIeted　on　a　city・－by・－city　basis，　with　little　or　no
comparison　performed　among　studies．　However，砒ect　c。mparisons　have　not　been
made　between　continental　metropolitan　areas　those　around　the　world．　Comparative
analyses　are　especially　㎞portant　because　of　the　diverse　physical，　oulture　and
socio－economic　factors　that　determine　the　physical　form　of　urban　area．
The　primary　goal　of　this　research　is　to　hnprove　understa且dilg　of　urban　types　in　cities
around　the　globe，　A　secondary　objective　is　to　compare　a　diverse　set　of　cities　to　the
urban　landscapes　present　in　the　developed　countries　to　determ量ne　whether　the　extensive
or　urban　types　of　developed　area　in　US，　Australia　and　Europe　are　indeed　an　appropriate
model　for　other　developing　regions／cl11tures　ofthe　world．
To　characterize　the　nature　of　urban　and　compare／contrast　trends　across　cities　and
nations，　we　use　a　set　ofmethods　that　describe：（a）RGB　color　composite；（b）HSI　color
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modeli血g；（c）Ternary　diagram．　We　apply　these　methods　to　lOO　metropolitan　areas
distributed　primarily　among　three　more　developed　countries／regions，　including
Australia，　the　US　and　the　EU，　and　less　developed　countries，　including　Mexico，　Brazil，
Turkey，　Egypt，　Kenya，　India，　China　and　Vietnam．
5．2］）ata
5．2．1Gridded　popu塁ation　density（P】））data：
Global　Gridded　population　data　compiled　on　a　30”x30”latitude／longitロde　grid．　Census
counts　were　apportioned　to　eaoh　gr量d　cell　based　on　likelihood　coefflcients，　which　are
based　on　proximity　to　roads，　slope，1and　cover，　nighUime　lights，　and　other　information。
This　monograph　is　part　of　series　of　reports　that　explain　and　illustrate　methods　fbr
applying　spatial　analysis　techniques　to　investigate　urban　distribution　ofthe　wor正d．
5．2．2DMSP－OLS　data：
Artificial　lighting　is　a　unique　indicator　of　human　activity　that　can　be　measured　fめm
space．　Nightsat　is　a　concept　fbr　a　satellite　system　capable　of　global　observation　of　the
lo。ation，　form　and　density　of　Iighted　infrastructure　and　development　within　human
sottlements．　The　files　are　cloud一丘ee　composites　made　using　all　the　available　archived
DMSP－OLS　smooth　resolution　data　fbr　calendar　years．　The　products　are　30　arc　second
grids，　spanning－180　to　180　degrees　longitude　and－65　to　65　degrees　latitude．　A　number
ofconstraints　are　used　to　select　the　highest　quality　data　fbr　entry　into　the　composites．
5．2．3MODIS・NDVI　data：
Spatio－temporal　distribut量on　of　vegetation　is　a　fU皿damental　component　of魚e　urban
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env量ronment．　Vegetation　influences　urban　environmental　conditions　and　energy　f1uxes
by　selective　reflection　and　absorption　of　solar　radiation（Goward　et　aL，1985；Roth　et　al．，
1989；Gallo　et　aL，1993）．　Vegetation　index　data　was　acquired　by　MODIS．
MODIS／Terra　Nadir　BRDF　Adjusted　Reflectance　16　Day　L3　global　1km　SIN　grid
product（MOD43B4NBAR）data（MODIS）with　two　bands（band　1－2）was　used．　These
MODIS　data　in　2003，　starting　fヒom　3　December　2002　to　16　December　2003，　were
acquired　from　USGS　in　lOdeg　x　10deg　of　Sinusoidal　format，　There　data　were　then
mosaicked　and　repr（）jected　into　Geographic　Latitude／Longitude．　NDVI　was　calculated．
A　Maximum　Value　Composition（MVC）was　then　appIied　to　all　NDVI　images　with　the
aim　of　selecting　pixels　less　af壬bcted　lby　clouds　and　other　atmospheric　perturbations．
5．2．4GLCNMO皿rba皿cover　map：
Urban　areas　were　extracted　using　population　density　data，　MODIS－NDVI　data，　and
DMSP・OLS　data．　Common　areas　after　threshold　pr。　cessing　for　thc　se　data　were
assigned　as　urban　area．　The　main　input　data　is　population　density　data．　MODIS－NDVI
was　us¢d　to　exclude　large　green　area　such　as　park　in　populated　area．　DMSP－OLS　was
used　to　exclude　villages　in　develophlg　countries　with　large　population（Alimujiang　and
Tateishi　2008a｝2008b）．
5・2・5Se丑ection　of　Metropolitan　Areas　l
Because　cities倉om　diffヒrellt　regions　are　characterized　by　different　Iand　cover　types
（concrete，　roofing　tiles，　trees，　grass），　have　an　a1Tay　of　shapes　and　sizes，　and　are
surrounded　by　a　variety　of　landsoapes（agdculture，　desert，　fbrest），　a　key　requirement　fbr
this　study　was　to　create　a　sample　that　was　geographica11y　comprehensive　and　included
city　types　vvithin　each　continents．　Three　characteristics　were　used　to　define　the　samp韮e：
73
the　world　region　in　which　the　city　was　located；city　population　density，　and　data
availability．　First，　we　weighted　each　of　continents　by　its　percentage　of　the　global　urban
population（UN，2003）to　determine　the　distribution　of　sample　of　100　cities　across　the
world．　Secondly，　we　defined　our　target　population　by　selecting　importance　in　terms　of
size　alld　economics　status．　Population　size　was　used　as　a　proxy　variable　to　identifシ1arge
cities　with　substantial　regional　and　global　hlfluence．　We　targeted　cities　with　over　l
million　inhabitants．　Finally，　the　main　a㎞of　this　research　required　comparison　of
characteristics　of　urban，　such　as　population　density，　vegetation　percentages　and　DMSR
mal血g　it　imperative　to　1imit　the　stUdy　to　locations　with　accessible　and　reliable．　Furtheち
population　density，　DMSP，　and　MODIS－NDVI　datasets　were　necessary　to　coincide　with
the　dates　of　NASA’s丘eely　available　satellite　dataset．　In　this　fashion，　purposive
sampling　was　used　Figure　5．1
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5。3．Methodology
5．3．1　Data　normalization
NormaliZation　is　the　process。f　rescaling　or　redistributing　the　sample　data　to　improve
the　visual　display．　The　three　dataset（Population　density，　NDVI，　DMSP）were　rescaled
and　valued　into　the　range　l　to　100．　We　apply　a　simple　linear　transformation　resulting　in
values丘om　l　to　100，　which量s　easily　mapped　to　color　values．　It　is　possible　to　highlight
the　information　while　minimizing　the　effects　of　absolute　DN　values　through　a
normalization　method（see　Eq．（1））．
o［∫，ノ］＝
ln
＊（Nh、gh％一・？Vilmv％）＋㌔％
ali，jl＜DN血n
DN皿血≦a［i，j］≦DNmax
a［i，j］＞DNmax
Where　a［i，ノ］is　the　normalized　DN　value　for　band　a　in　a　pixel；a［i，j］is　the　original　DN　value
for　band　a；N伽％Minimum　cut。鉦values，　Nhigh％m…眠imum　cut。ff　values．
We　specify　minimum　and　maximum　outoff　values，　aエ1d　the　sample　data　values　outside
this　range　are　set　to　l　or　leO，　respectively．　This　can　be　used　to　eliminate　outlier　data
values　or　to　limit　the　values　to　a　specific　range，　as　required．　The　minimum　and
maximum　cutoff　values　are　given　by　Min　Cutoff「Value　and　Max　Cutoff　Value，
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respectively．　These　can　be　given　as　actUal　data　values　or　as　a　percentile（O　to　100）ofthe
total　data．　DN皿血value　was　gotten　the　DN　vaIue　ofthe　pixel　40％Iower　than　median
value，　the　pixel　DN　value　of40％higher　than　median　value　was　gottcn　as　DN．．．
The　similar　sitUation　applies　to　the　other　data　sets．　Although　this　normalization　process
can　reduce　variation　within　each　datasets，　it　does　cause　significant　loss　of　information．
The　normalization　process　reduces　this　redundant　information　while　maintaining　usefuI
infbrmation　for　separating　urban　characterization　by　population　density，　DMSP　and
NDVI　datasets．
5．3．2Co塁or　mode崖i皿g
5．3．2．1　RGB　color　composite
Color　is　perceived　by　humans　as　a　combination　of　R（red），　G（green）and　B（blue）
which　are　usually　called　three　primary　colors．　Hero　Red　band－population　density　data，
Green　band－NDVI，　and　Blue　bandDMSP　data．　The　RGB　color　space　can　be
geometrically　represented　in　a　3－dimensional　cube（D．E．P．　Hoy　1997）Figure　5．2．
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　　　Cya皿
（O，255，255）
Blue
　Green
（O，　255，　O）
　　Blue
（0，0，255）
Black
（0・0・0｝考
　　Yellow
（255，255，0）
　　　White
（255，255，255）
　Maoneta
（255，0，255）
　　Red
（255，0，0）
Red
　　　　　　　　Figllre　5．2　RGI3　color　sp段ce　represented韮皿a3－dime皿s董onal　oube
The　coordinates　ofeach　point　inside　the　cube　represent　the　values　ofred，　green　and　blue
cornponents，　respectively，　RGB　is　suitable　fbr　coIor　display，　but　not　good　fbr　coIor
scene　segmentation　and　analysis　because　of　high　correlation　among　the　R，　G　and　B
components（Pietikainen　et　al，，工996）．　By　high　correlation，　we　mean　that　ifthe　intensity
changes，　all　the　three　components　will　change　accordingly．　Also，　the　measurement　of　a
color　RGB　space　does　not　represent　the　color　differences　in　a　uniform　scales　hence，　it　is
impossible　to　evaluate　the　similarity　oftWo　colors　from　their　distance　RGB　space．
5．3．2．2HSI－based　characterization　of　urban
The器（hue，　sa加ration，　intensity）system　is　an。ther　c。㎜。nly　used　c。1。r　space血
image　processing，　which　is　Inore　intuitive　to　human　visionσくim　et　a1．，1996），
The　HSI　system　separates　color　information　of　att　image　from　its　intensity　inforrnation．
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Celor　information　is　represented　by　hue　and　satUration　values，　whlle　intensiず，　which
describes　the　brightness　of　an　image，　is　determined　by　the　amount　of　the　light．　Hue
represents　basic　oolors，　and　is　determined　by　the　dominant　wavelength量n　the　spectral
distribution　of　light　wavelengths．　It　is　the　Iocation　ofthe　peak　in　the　spectral　distribution．
The　saturation　is　a　measure　of　the　purity　of　the　color，　and　signals　the　amount　of　white
light　mixed　with　the　hue、　It　is　the　height　of　the　peak　relative　to　the　entire　spectral
distribution．　The　HSI　color　space　can　be　described　geometrically　as　in　Figure　5．3．
intensity
BIack
Figure　5、311SI　color　sPace
Generally，　hue　is　considered　as　an　angle　between　a　reference　line　and　the　color　point　in
RGB　space．　The　range　of　the　hue　value　is丘om　O3　to　360，　fbr　example，　blue　is　240，
yeIlow　is　60，　green　is　120，　and　magenta　is　300．　The　saturation　component　represents　the
radial　distance　frem　the　cy　linder　center．　The　nearer　the　point　is　to　the　center，　the　lighter
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is　the　color・Intcnsity　is　the　height　i皿　the　axis　direction．　The　axis　of　the　cylinder
describes　the　gray　levels，　fbr　instance，　zero（minimum）intensity　is　blac絹and　fUll
（maximum）irltensity　is　white．　Each　slioe　of　the　cylinder　perpendicular　to　the　intensity
axis　is　a　plane　with　the　same　intensity．　The、HSI　color　system　has　a　good　capability　of
represent量ng　the　oolors　of　human　perception，　because　human　vision　system　can
distilguish　different　hues　easily，　whereas　the　perception　of　different　intensity　or
satUration　does　not　imply　the　recognition　ofdifferent　colors，
．The　HSI　coord　inates　can　be　transformed　from　the　RGB　space．　The　formulas　for　hue，
saturation　and　intensity　are：
H・一・arctan
k語（G・－B）（R・・一σ）＋（R－B）〕
、nt　＝＝（R＋σ＋B）
　　　　　　　　3
　　　　　　　min（R，　G，　B）
Sat　＝　1一
1
The　hue　is　undefined　if　the　sa塾皿ation　is　zero，　and　the　saturation　is　undefined　when　the
intensity　is　zero．　We　may　use　gray－level　algorithms　to　operate　on　the　intensity
component　of　HSI　descriptio血．　To　segment　obj　ects　with　different　colors，　we　may　apply
the　segmentation　algorithms　to　the　hue　component　onIy．　For　example，　we　Inay　set
thresholds　on　the　range　of　hues　that　separate　different　obj　ects　easi玉y，　but　it童s　difficult　to
transforrn　these　thresholds　into　RGB　values，　shlce　hue，　saturation，　and　intensity　values
are　aII　encoded　into　RGB　values．　It　is　especia正Iy　eff量cient　when　the量mages　have
nQ且一uniforrn　illumination　such　as　shade，　since　hue　is　independent　on　intensity　values．
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We　may　also　efficiently　apply　thresholds　to　hue，　saturation，　and　intensity　components，
respective1y，　to　form　some　regions　that　can　be　fit　for　various　regions　growing
algorithms．　Hue　is　partioular豆y　usefUI　in　the　cases　where　the　illumination　Ievel　varies
from　point－to－point　or　image－to一㎞age．　If　the　integrated　white　oo皿dition　holds，　hue　is
invariant　to　certain　types　ofhighlights，　shading，　and　shadows．
5．3．3　The　Ternary　Diagram
The　temary　dlagram　is　a　tool　used　at　tirnes　to　examine　aggregato　data．　It　can　be　usefUl
whenever　the　data　are　aggregated　from　ind量v　idual　s　where　each　hldividual　belongs　to　one
。f　three　categories．　The　m。st　co㎜。n　example　to　date　is　the　classificati。n。f　sand。f
soil　textUre　by　its　relative　proportions　of　sand，　s韮t　and　clay（Brady　and「VVeil，1996）．
Other　examples　include　land　use（categor比ed　as　vegetation，　hnpervious　surfaco　and
bare　soi1），　especiaHy　when童ntcrpret圭且g　of　sato1正ite　imagery（Ridd，1995），
As　the　na！ne　implies，　the　temary　d三agram　is　espeoially　a　triang蓋e，　which　represents　the
relative　proportions　of　three　possible　categories（Populat三〇n　density，　DMSR　NDVI）or
states　of　the　individuals　bei血g　stロdied．　Each　aggregate　unit　being　studied　can　be　broken
量nto　the　proportion　of　ind　ividuals　within　that　unit　that　fall　into　e　aoh　of　these　states，　and
the　threo茎）ro茎）ortions　sum　to　be　exaot歪y　one．　This　set　of　proportions　is　te】［Tned　the
character　of　the　aggregate　unit．
In　this写tUdy，　the　aggregate　unites　are　urban　characteriZation，　and　the　characters　of　urban
can　be　separated　into　three　classes：the　relative　preportions　of　A，　B　an（I　C．　Each　comer
80
of　the　diagram　represents　a　situation　in　which　100％of　total　belongs　to　only　one　of　the
three　states，　and　the　line　opposite　represents　O％of　that　state．　Therefbre，　the　percentage
represented　by　any　point　in　the　diagram　is　directly　proportional　to　the　distance　from　the
opposite　line，　as　shown　by　the　10％lines　in　Figure　5．4．　Each　unique　character　is　thereby
represented　by　a　unique　coordinate　in　the　diagram，　as　shown　by　the　example　point　in　the
Figure　5．4．
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Figure　5．4　a　ternary　diagram
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The　aggragated　data　fbr　the　neighborhoods　in　a　city　can　then　be　located　in　the　ternary
diagram，　as　shown　in　figure　5．4、　Thus　a　given　neighborhood　might　consist　of　80％
NDVI，15％PD　and　5％DMSP，　and　would　be　p　laced　in　the　diagram　near　the　top，　as
shown．
As　shown　in　Figure　5．4，　the　shaded　triangle　includes　any　character　that　is　between
30－40％NDVI　vegetation，10－20％populated　are440－50％DMSP．　The　discretized
ternary　diagram　is　then　the　colleotion　of　these　triangles．
5．4．CharacteriZation　of　global　”rban
Because　of　tho　close　relationship　betWeen　population　density　distribution，　DMSP　and
urban　vegetation　density，　our　stUdy　olassified　the　urban　types　into　five　types
（Very－low－，Low－，　Medium－，　high－and　very－high－i血tensity　urban　types）based　on　the
combination　of　population　density，　DNVI　and　DMSP．　Table　5．1　provides　the　definition
ofurba皿types　used　in　th量s　paper．
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Table　5．IDefinitions　ofurban　types
Urban　types CodeDefinition
Very－low－hltensity　urban　types
Low－intensity　urban　Type
Medi㎜一intensi取曲㎝町pe
High－intens圭ty　urban　Type
Very－high－intensity　urb　an　Type
VLIUT
LIUT
MIUT
HIUT
VHIUT
Low　population　density；Ψery－High　density
vegetation　cover；High　DMSP
Low　　population　density；　high　density
vegetation　cover；High　DMSP
Lower　population　density；medium　density
vegetation　cover；High　DMSP
High　population　density；　10wer　density
vegetation　cover；higher　DMSP
Very　high　population　dens呈ty；very　low　density
vegetation；low　DMSP
5。4．1　RGB　color　composite　for　visualiZing　urban　types
In　thi　s　stUdy，　PD，　NDVI，　and　DMSP　were　assigned　to　blue，　red　and　green，　respectively
Table　5．2．　For　examp　le，　a　high　population　density　value　at　red　band，　low　NDVI　value　at
Green　band　and　high　DMSP　value　at　blue　band　created　a　pink　hue　for　a　pixel
representing　that　situation．　The　pink　pixels　i【1dicated　very　high　intensity　residential
Iands．　Almost　all　the　city　core　is　in　pink　color．
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Table　5．2　lnterpretation　ofRGB　color　composite　images
RGB　color　composite
ClaSScolor Red
oD
Green
mDVI
Blue
cMSP
represented
1 Black L L L Desert，　bare　land，　Water　or　other
2 Red H L L Some　villages　in　arid　land
3 Green L 且 L Natural　woodland　and　grassland
4 Blue L L H Industrial，　manufactu血g　plaoe
5 Phlk H L H Very　high　intensity　residential　lands
6 YbllowH H L v韮llages　in　developing　area
7 Light　blueL H H Medium　intensity　residential　lands
8 Light　greyH H H Low　intensity　residential　lands
Figure　5．5　demonstrated　that　the　Iand　use　seemed　to　display　a　oonoentr董o　pattem　fヒom
the　center　to　the　peripheral，　transiting　f｝om　high　intensity　residential　lands　to　medium
and　low　intensity　residential　lands．　High　intensity　residential　lands（the　pixels　in　phik）
were　mainly　distributed　in　the　center　ofthe　city．　Medium　intensity　residential正ands（the
pixels　in　light　blue）were　distributed　around　high　intensity　residential　Iands．　They　are
mainly　located　in　the　transition　zone　between　high　intensity　residential　Iands　and　very
Iow　intensity　residential　lands．　Low　intensity　residential　lands（the　p量xels　in　light　grey）
were　scattered　in　the　vegetation　and　agricultural　area．　In　deve至op元ng　area，　especially　fast
urban　growing　area，　the　medium　intensity　reside且tial　area　around　high　intensity
residential　urba且lands　are　hot　spot　are亀　whioh　should　be　protected丘orn　urbanization．
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Figure．5．5　RGB　color　composite　image　comparison　of　some　urban　area
around　the　world．　From　top　to　bottom：Atlan．ta，　Bangkok，　Barcelona，　Boston，
Brussels，　Buenos　Aires，　Cairo，　Casablanca，　Delhi，　FUkuoka，　Jakarta，
Minneapolis，　Melbourne，　Nagoya，　Paris，　Perth，　Rome，　Sao　Paulo，　Sapporo，
Ulaanbaatar，　Shanghai，　Sichuan，　Tbkyo．
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Visual　inspection　of　urban　RGB　color　composite　suggested　that　American　and
Australian　cities　different　from　European　and　other　deve1oping　countries　urban　types．
In　Amerioa　and　Australia　cities，　low　inLtensity　and　medium　intensity　residential　lands
take　much　percentage，　while　high　intensity　residential　lands　takes血uch　in　developing
world（exception　of　cities　in　Japan）．　European　cities　are　shows　the　feature　between
American－Australian　cities　and　developing　area　urban　types．
5．4．2Urban　charaete血ation　with　Temary　Diagram　aロd　H腿e　value
More　detailed　urban　characteriZation　can　be　achievcd　by　Ternary　diagram　and　Hue
value　method．　The　procedure　of　urban　characteriZation　based　on　the　combination　of
population　density，　DMSP　and　NDVI　images　were　iIlustrated　Figure　5．6．
This　research　indicated　that　setting　up　thresholds　fbr　population　density，　DMSP　and
MODIS－NDVI　for　each　urb　an　type　category　is　the　key　for　success　with　this　approach．
Tho　critical　was　to　develop　expert　rules　of　urban　characteriZation．　Ternary　diagram　was
analyzed　and　threshold　value　was　given　according　to　distribution　of　city　mean　value
Figure　5．7．
In　this　study，　fivo　urban　types　were　characterized　with　a　rule－based　approach．　As（See
Figure5．8　and　T亘ble　5．3），　the　fu・st　typ　e，　very－Iow－intensity　urban　type，　includes　a　set　of
cities　from　eastern　part　of　US　alld　northem　part　of　Europe．　The　fe　atUres　of　this　group
are　low　population　density　and　high　vegetation　density　around　the　residenoy　area．
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Gridded　populatlon
　　　　Density
Nighttime
Iights　DMSP
　RGB　Color　Composite
R：PD　G：DMSP，　B：NDVI
Ternary　Diagram
Vegetation
Cover　NDVI
Hue＜210
　　　　No
Hueく230
　　　　No
Hueく250
　　　　No
Hue＜270
Figure　5．6　Procedure　fbr　urban　characterization　based　on　the　integration　population
density，　DMSP　and　NDVI　images．
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　　　　　Figure　5。7　Ternary　distribution　of　mean　value　ofcities　around　the　world
Urban　area　in　this　group　area　highly　developed　area，　which　can　be　shown丘om　the　high
DMSP　value　of　Ternary　diagram　in　Figure　5．8．　Also　Weber　and　Hirsch（1992）and　Lo
（1997）fbund　that　indices　of　high　quality　of　life　are　spatially　associated　with　high
vegetation　densities．　But　the　less　vegetation　density　compare　with　U．S．　urban　types．
From　this　not　diffrlcult　to　understand　that　in　most　developed　countries　like　U．S．，
Australia　and　some　European　cities，　high　motorization　contributes　directly　to　the　ease　of
living　in　the　outlying　suburban　area．　Australia　cities　in　the　Second　group，
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Low－intensity　urban　Type，　almost　same　featUres，　Most　European　cities　expect　northem
脚of　Eur。pe　are　bel。ng　to　the　third　group；Medium・intensity　urban　Type．
The　fourth　and　fifth　groups　include　the　most　characteristic　cities　of　developing　countr三es．
These　groups　are　high　population　density　and　vegetation　densities　are　significantly
lower，　especially　in　the　fifth　group　s，　than互n　the　other　group　s．　Although　Japanese　cities
area　highly　developed，　the　cities　falls㎞fbrth　group．　Because　Japanese　oities　have　high
population　density　and　compara‡ively　less　vegetation　cover　just描（e　same　character　of
forth　group（F　igure5、9）。
go
Figure　5．8　Example　of　urban　characteriZation　across　regions
　　　　a．Atlanta　b．　Perth　c．　Brussels　d．　Shanghai　e．　Bombay
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Table　5．3．Urban　Characterization　based　on　HSI　and　Ternary　diagram
Urもan　Type Region Countries cities
Nor出Amer量caUS Atlanta
North　A血ericaUS Boston
No曲AmerioaUS MinneapolisV留一IOW－inteBS玉ty
Qba凱ypes Nor康AmericaUS Detroit
North　Americaus C玉eveland
Europe Europe Solo
Ocea通a Australia PerthL。w櫨e丑si敏urbaB
U葺e Ocean三a Australia Melboume
Ocea擁a Australia Sydney
E斑ope Be玉9圭um Brussels
EuぎOP自 Turkey IS㎞bul雑e琶1㎜ユーk垂tens三b1
ﾈa簸野夢e E財ope Italy Rorne
E建rope U1蟻ted　KhlgdomLondon
Asla China Shanghai
As董a Chipa Be埴ing懸9翻繍e巫s靭曲a蕊
]ン嚢e Asia Ma玉aアs三a Kula　L㎜pur
A3三a India Delhi
As三a Japa昼 Nagoya
As藍a Ba灘9至aδesh Dhaka
A§圭a 1且dia Bombay
As孟a 王麟one31a Jakarta娩理昌圭｝圭鉾聾1魏職呂三重y
翌ac滋τ｝肇壼 So聾癒A無崩oa Argen働a Bu自no皐Ai祀3
冠戯bA磁頭ξ舞 MexiCO Moxioo
A鎖i％ 】Moro¢¢o C…髄blanca
｛）｛｝難茎｝af至＄｛｝盤｛ぜTerrtary｛llagram｛圭郵1譲b聾重三911ち奪助e¢n　th｛｝variou奪障墓i　on§enah　l¢d　a
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developing　regions；Asia，　South　America　and　Africa．
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Figure　5．9　Global　Urban　Characterization　distribution　map
5．5　Conclusion
Remote　sensing　data　open　up　a　new　perspective　on　urban　form．　The　comparative
analysis　these　methods　enable　is　at　once　more　global　and　more　systematic　than　what
was　possible　befbre．　Urban　areas　almost　contain　a　variety　of　pixels　spanning　a　wide
range　of　mixing丘actions，　but　this　study　indicates　that　a　maj　ority　of　them　often
correspond　to　certain　category・
　●　　Five　urban　types　can　be　successf011y　characterized　using　coarse　spatial　resolution
　　　　remote　sensed　data．　Asian　and　African　cities　manifest　the　densest　populations，
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fbllowed　by　South　American　cities．　Contrarily，　US，　Australia　and　European　citios
have　low－density　populations．　But　vegetation　is　considerably　lower　density　in
Asian，　African　and　South　Af｝ican　cities　and　higher　vegetation　density　in　Australia
and　Europcan　cities，　the　highest　vegetation　density　can　seen　in　US　cities．
Comparison　of　RGB　color　composite　images，　IHS－Hue　value　and　Ternary　plot
distribution　between　various　regions　enabIed　a　more　detailed　view　of　how　urban
charactorization　varies．　Integration　of　popuIation　density　and　DMSP，
MODIS－NDVI　provide　a　new　insight　fbr　urban　characterization　and　tho　approach
developed　in　this　paper　can　be　applied　to　other　urban　environments．
Also　characteriZing　urban　can　provide　a　basis　fbr　mapping　urban　area　with　coarse
reSOIUtiOn　imagery．
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CHAPTER　6：
MONITORING　AND　MOD肌】NG　OF　URBAN
SPATIO－TEM　PORAL　GROWTH　USING　REMOTE　SENSING
DATA　AND　GIS
6．11ntroduction
Several　decades　of　population　explosion　and　accelerating　urban　growth　is　the　cause　of
enormous　pressure　on　rural　an．d伽ral　enviro㎜e且ts．　In　l　920，　the曲an　p。pulati。n
made　up　14％of　the　world．　It　reached　25％hl　1950．　Between　1950　and　1985，　the
nurnber　ahnost　tripled（UNDP，1991）．　Older　industrial　cities　seem　less　affected　by　these
trends　of　population　i【10rease　as　the　rate　of　rural　to　urb　an　m量gration　has　reaohed
stabi豆ization。　More　spectacuIar　situation　is　noticeabIe　in　develoP量ng　countries　where　a
large　number　ofcities　hous董ng　millions　are豆ocated．　The　rate　ofurban　population　growth
between　1950　and　1990　has　been　much　fとster　in　developing　countries，　from　17％to
34％and　rural－to－urban　is　stiII　significant．
Continuous　migration　flows　have　largely　contributed　to　all　increase　of　urban　areas．
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Monitorhlg　growth　and　change　brought　on　by　urbanizatio且has　beon　a　oritical　concem
both　to　those　who　study　urban　dynamics　and　those　who　Inust　manage　resources　and
provide　services　in　these　rapidly　chang血g　environments．　For　the　better　p　lanning。f
urban　development，　municipal　authorities　need　to㎞ow　urban　dynamics　during　the
several　decadcs，
Traditionally，　census　data　have　been　primarily　relied　upon　in　analyzing　urban　systems．
However　oensus　data　is　often　too　coarse　and　out　of　date　fbr　supporting　tho　needs　of
urban　analysis（Harris　and　Longley，2000）．　Also　the　convontional　surveying　and
mapping　techniques　are　expensive　and　time　consuming　for　the　estimation　of　urban
dynamics　during　several　de。ades　and　such　information　is　not　available　for　most。f　the
urban　canters，　espooia11y　in　developing　countries．　As　a　resulちincreased　research　interest
is　being　directed　to　the　mapping　and　monitoring　urban　growth　using　GIS　alld　remoto
sensing　techniques（Green　et　al．，1994；Lo　et　al．，1990；Royer　et　aL，1988；Toll，1985；
Yang，2002；　Yeh　and　Li，1996），
　　　　　　　　　　●
R．emote　sensing，　given　its　cost　effectiveness　and　tec㎞ological　soundness，　has　been
ilcreasingIy　u　sed　fbr　characterizing　urban　area　and　anaIyzhlg　urban　sp　atial　growth
（Yang　and　Liu，2005），　For　nearly　threc　decades，　extensive　research　eff（）rts　have　been
direoted　fbr　urban　change　detections　by　usilg　remotely　sensed　imagery（Weng　et　al．，
2006）．These　studies　have　been　supPorted
As　tho　ovcrwhehning　proportion　of　urban　growth　in　the　next　century　wiU　take　place加
developing　oountries（Un量ted　Nations，1996），　the　question　of　urban　fbrm　in　these　more
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dynalnic　settings　has　especially　pressing　relevance　fbr　pohcy．　In　more　developed　Asian
mega　cities　I迅【e　Seoul　and　Tbkyo，　indisoriminate　application　ef　measures　from　Europe
and　North　America　have　proved　inappropr量ate（Je且ks　and　Burgess，2000；『Ybkohari　et　aL，
2000）．Prescriptions　derived倉om　contemporary　pla㎜ing　movements　in　Europe　or
North　America（e．g．　Compact　city，　Smart　groWth，　New　Urbanism）may　be　even　less
apPlicable　to　the　cities　ef　develop　ing　countries．
The　most　of　the　previous　studies　has　been　fbcused　oll　urban　development　on　city　or
national　scales　which　is　based　on　high　or　medium　spatial　reso正ution　images，　but　there
have　been　fewer　reports　on　the　issues　over　on　the　global．　G1⊃CNMO（Global　Land
Cover　by　National　Mapping　Organization）new　produced　global　urban　map　and　DCW
σ）igital　Chart　of　the　Wbrld）urban　map　offer　an　unprecedented　opportUnity　to　analyze
the　more　precise　urban　dynamics，　By　employing　these　data　for　the　first　time　in　a　global
comparative　analysis　of　urban　dynamics　during　the　four　decades，　this　research　aims　to
strengthen　the　understanding　of　the　global　variants　in　urban　form，　urban　spatial
expansion　and　urban　growth　rate，　particularly　between　deveIoped　region　and　developing
regiOI1．
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6．2　Data
DCW，　one　of　the　earliest　available　global　maps，　was　developed　originally　for　the　US
Defense　Mappi皿g　Agency（DMA）using　DMA　data．　DCW　coverage　depicts　urbanized
areas　of　the　world　that　can　be　represented　as　polygons　at　l：1，000，000　scale．　DCW
opulated　places　layer　is　a　GIS　product　that　was　created　by　digitiZilg　a　large　collection
ofmaps　and　navigational　charts　in　the　1960（Danko，1992）．
GLC］N［MO　is　the　continental　s。ale　urban　map　at　1　km　spatial　res。lution　by　Gridded
Population　D　ensity　data，　nigh枕ime　light　data　and　MODIS　data　with　the　referonce　of　fme
resolution　Landsat　ETM＋imagery．　GLCNMO　was　more　aocurate　tllen　other　existing
global　urban　maps（Global　Rural　urb　an　MapPing　Proj　ect（GRuMP），　MoD　l　2Ql　voo4
Land　cover　Product　by　Boston　University，　and　GLC2000）（AIimuj　iang　and］rateishi，
2008亀20081〕）．However，　there　are　forly－year　gap　between　the　two　data　sets　of　urban
area　data．
6．3Methods　a皿d　resu濫ts
The　data　proccssing　and　analyses　was　done　in　geographic　inforrnation　system（GIS），
whioh　facilitates　the　qverlaying　of　multlple　themes　fbr　analysis。　The　analysis　was
carr童ed　out　on　a　oontinent，　country　and　individual　urban　basis．　Lambert’s　Azimuthal
Equal　Area　pr（）jection　was　used　fer　all　ofthe　dataset　used．
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The　comparison　was　preformed　across　a　wide　range　of　super　pixel　scales，　including
continental　scales，　national　scales　and　the　scale　of　individual　urban　patches　Figure　6．1．
Each　ofthese　scales　is　relevant　to　a　different　cast　ofpotential　map　users．
　　　　　　　　　　　　　　　　　　　　　　　　・@　　　　igital　Chart　of　the　　　　　　GLCNMO　Urban
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Figure　6．1　The　flowchart　ofthe　urban　growth　analyzing
99
6．3．1Continental　Scales　Ana亘ysis
Figure　6．2　shows　the　total　extent　of　urban　land　per　continent　fbr　DCW　and　GLCNMO
urban　maps．　The　annual　urban　groWth　rate　in　Asia，　A丘ica　and　South　America　has　been
more　than　one　percent，　while　it　has　been　Iess　than　O．5　percent　in　the　North　America，
Europe　and　Oceania．　It　can　be　assumed　from　Figure　6．2　that　urban　development　has
reached　a　certain　degree　of　maturity　in　Europe，　US　and　Australia　because　the　yearly
growth　rate　are　much　lower　in　contrast　to　other　continents　during　the　last　fbur　decades．
The　result　clearly　demonstrates　that　urban　development　has　been　achieving　momentum
in　the　developing　countries，　expending　more　noticeably　than　in　the　previous　decades．
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Figure　6．2　The　distribution　of　urban　and　impervious　surfaces　per　continental　region
based　on　DCW　and　GLCNMO
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6・32Country　Sca嚢es　Analysis
We　calculated　several　measures　fbr　analyzing　and　describtng　the　dynamics　of　urban
Iand　changes．　The　1㎞cell　is。a1。ulated　by　the魚ncti。n。fGENERATE。fAI℃GIS㎞
the　veotor　data　fbmlat　throughout　the　world（David，2003）．
Urban　land　percentage（PU）urban　Iand　cover　vector　data　sets　in　2003　were　extracted
丘om　GLCNMO　data　sets．　It　was　intersected　with　the　lkm　cell　vector　grid　using
rNTERSECT　fUnction．　The　urban　land　percelltage　was　calculatod　by　a　STATISTICAL
且mction　ofArcGIS　fbr　every　coll，　expressed　as　fbllows（Eq．1）：
　　　　　UL
PU＝－x100％　　　　　TL （1）
Where　PU　is　percentage（％）of　urban　and　imperviQus　surfaces　of　a　cel1，　UL　is　urban
land　area　of　a　cel互（Km2），　and　TL　is　the　total　land　area　ofthe　country（km2）．
Table　6．1　percentage　urban　areas　by　country　derived　f｝om　DCW，　GLCNMO　with　urban
growth　rate
Country
獅≠高
RegionDevelopmental
撃?魔?P
　　PU％
iDCW）
　　PU％
iGLCNMO）
AGR
BangladeshAsia Developing0，178 0，304 LO4
China Asia Developing0，083 0，399 1．98
India Asia Deve1。plng o，189 0580 1．68
Japan Asia Developed 1，286 3，116 1．47
South　KoreaAsia DevelopingO，787 L952 L49
MalaysiaAsia Developi且9 G，106 0，371 1．78
PakistanAsia Developlng0，144 O，615 191
PhilippinesAsia Deve1。ping 0，085 0，340 1．87
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vietnamAsia Devel。ping 0，177 0285 1．01
AlgeriaA丘ica Deve1。ping 0，010 0，111 227
Congo Afセica Deve1。ping 0，006 0，039 2．14
CameroonAf｝ica Devel。ph19 0，041 0，057 1．00
Egypt A丘ica Developh190，044 O，287 2．12
EthiopiaAfヒica Developing0，0工5 O，⑪26 1．08
Gabon A丘ica Developk190，OlO O，021 1．31
Ghana Afセica Devel。ping 0，035 0，231 2．13
MoroccoAfヒica Developing0，084 0，325 1．85
NigeriaAfhca Deveioping0，053 0，237 1．93
South　Af｝icaA倉ica Developed0，152 0247 O．96
Sudan Affica Developing0，020 0，061 1．68
TunisiaA倉ica DevelopingO，050 0，581 2．29
喩mzaniaAfhca Developh19O，011 0，033 1．66
USA N．AmericaDeve1。P巳d O，843 0，93工 0．24
CanadaN．AmericaDeveloped0，037 0，067 L13
Guatem　alaNAmericaDeveloping⑪，182 0，232 0．54
HondurasN．AmerioaDevelopi皿9 O，⑪54 0，127 1．44
MexicoN．AmericaDeveloping0，095 0，372 1．86
Puerto　RjcoN．AmericaDeveloping1，446 3，882 157
AnguillaEurope DevelopingO，594 1，143 1．20
BelgiumEurope Developed2，150 5，096 1．45
ByelarusEurope Developed0365 0371 O．04
De㎜arkEurope Developed1，384 1，619 0．36
Ireland Europe Deve1。Pεd 0，435 0，629 0．77
Frallce Europe Developed0，612 1，691 L60
Ge㎜anyEurope Deve1。ped 2，348 3，120 0．62
HungaryEurope Deve1。ped 1562 1，966 0．51
Italy Europe Deve1。ped 0424 3，715 2．21
NetherlandsEuτope Developed3，676 7，444 1．27
Poland Europe Dev¢1。ped 0，569 1，235 ’1．35
Spa血 Europe Developed0，156 0，710 1．95
UK Europe Developed4，190 4，317 G．07
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In　order　to　evaluate　the　spatia正distribution　of　urban　expansion　intensity，　in　paper
adapted　an　indicator　called　annual　urban　growth　rate（AGR）for　evaluating　the
‘urbanization，　speed　of　unit　area．　AGR　is　defined　as　fbllows（Eq．2）：
AGR－UAn・i－〔Zt4t－i．100％
　　　　　　　nTAn＋i
（Eq　2）
where　TAn＋i　is　the　total　land　area　of　the　target　unit　to　be　caIculated　at　the　tirne　point
of　i＋n；UAn＋iand　UAi　the　urban　area　in　the　target　unit　at　time　i＋nand　i，
respectively，　and　n　is　the　interval　of　the　calculating　Period（i皿years）．
Acountry　mask　derived倉om　the　DCW　coastlines　and　political　boundaries　was　used　to
assign　urban　area　polygons　from　both　the　DCW　and　GLC］N［MO　datasets　to　calculate
tota正urban　area　within　a　country．
Country　level　assessments　were　made　fbr　a　seleotion　of　fbrty－two　countries　shown　il
Table　6．1．　The　greatest　proportions　of　urbanized　area　appear　in　the　developed　world
（Figure　6．3）．　More　than　55％urban　lands　are　distributed　in　developed　regions；such　as
Eur。pe　and　USA．　Higher　urban　land　per。entages　were　shown　in　Eur。pean　c。untries，
wh量le　the　lower　urban　land　percentages　appeared　in　less　deveIoped　countries．　However，
the　annual　urban　growth　rate　in　less　developed　countries　much　higher　than　the　countries
in　developed　regions．　The　annual　urban　growth　rate　is　more　than　one　percent　in　the
countries　in　Asia　and　Afric亀　except　South　Africa　while　is　has　been　less　than　O．6　percent
in　USA　and　some　European　countries、　Compared　with　high　income　countrics　1ike　USA，
UK，　Japan　and　some　other　European　countries，　the　result　showed　that　the　urban　land
percentage　in　less　developed　countries　are　much　lower，　but　urban　growth　rate　are　much
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higher．　This　indicates　that　urban　growth　rate　in　less　developed　countries　will　continue　to
il1CreaSe　il1血tUre．
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　　　　　　　　　　Figure　6．3　Spatial　distribution　of　urban　growth　in　the　countries
Urban　area　in　1960　is　shown　in　yellow　and　newly　groWth　urban　area　is　shown　i　1　black．
6．3．3Urban　S元ze　Analysis
It　is　important　to　understand　the　trends　in　spatial　extent　and　rates　of　expansion．　Most　of
the　largest　urban　regions　in　the　United　S　ates，　Europe，　Asi亀　and　Aftica　were　selected　for
comparison．　Considered　attributes　data　include　geographical　location，　size　and
development　dynamics．
As　shown　in　Figure　6．3，　the　amounts　of　newly　developed　urban　and　impervious　ranged
廿om　60　square　kilometer　to　1550　square　kilometer　over　the　fbur　decades．　The　amount
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of　newly　developed　land　was　positively　correlated　to　the　initial　spatial　extend　of　the
city；small　cities　add　small　amounts　of　land　and　large　cities　add　larger　amounts　of　land．
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Figure　6．4　Amount　of　urban　land　expansion　fbr　each　city　in　1960　and　2003（Note　the
average　annual　percentage　increase　is　shσ㎜at　the　end　of　each　bar）
The　annual　urban　growth　rate　percentages（shown　at　the　end　of　each　bar，　Figure　6・4）
offer　a　view　of　urban　expansion　that　normalized　for　the　spatial　extend　of　the　city．　The
annual　urban　growth　rate　percentages　ranges　from　less　than　O・01　percent　to　just　over
two　percent．　These　rapidly　changing　cities；including　Beijing　Chin亀Ahmadabad，　New
Delhi　India　and　Cairo　Egypt　are　all　located　in　developing　countries．　Each　of　these　cities
has　instituted　plans　and　policies　designed　to　industrialize　and　expand　economica11y，
which　may　account　fbr　their　high　rates　of　land　conversion．　The　annual　percentage　of
urban　growth　is　O．822　and　O．049　in　Atlanta　and　London　respectively．　U．S．　and　some
Europe　cities　have　had　low　rates　ofurban　expansion．　This　result　suggested　that　the　rates
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of　land　development　may　s正ow，　as　a　city　grows　Iarger，　in　effect，量ndicating　that　rapid
rates　of　growth　are　no　longer　feasible　due　to　the　large　quantities　of　land　that　would　need
to　conve】t　to　su．stain　them．
Taking　into　account　the　relatively　good　representation　ofthe　studied　cities　in　Figure　6．4，
the　urban　growth　forms　in　the。ities　of　d。v。10ping　regions　were　signi丘caロtly　dif飴rent
from　thoso　in　developed　regions．　Generally，　the　cities　of　developing　regions　exhibit　the
least　complex，　nlost　compact　and　densest　urban　forms．　Cites　of　developed　regions
display　diametrically　opposed　tendencies．
Upon、　examinilg　the　eight　cities　visually（Figure　65　and　Table　6．1），　a　number　oftrends
wero　irnmediateIy　clear．　ln　terms　o　f　spatial　extent，　the　US　cities　were　noticeab1y　larger
at　the　beginning　of　the　study　period．　Cities　in　India　and　Chilla，　meallwhile，　are　muoh
sma豆ler　to　begin　with　and　some　considerable　changed　by　the　year　2003．
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Urban　area　in　1960　is　shown　in　yellow　and　newly　growth　urban　area　is　shown　in　black．
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6．4．Conclusions
This　study　has　demonstrated　that　the　spatial　extent，　rates　of　expansion　and　pattems　of
urbanization　can　be　quantified　using　the　combination　of　remotoly　s¢nsed　data，　spatial
pattem　metrics　and　statistioal　census　data．　The　results　f『om　this　research　have　provided
a　starting－point　fbr　comparing　amounts，　rates　and　pattems　of　growth　in　cities　across　the
globe．
To　understand　the　s。cial，　economic　and　environmental　impacts　caused　by　rapid　urban
expansion　at　Ioca1，　regiona正and　global　scales，　it　is　imperative　that　we　begin　to
dete㎜ine　the　rates，　forms　and　patterns　of　urban　change　in。ities　around　the　wQrld．
The　results　show　that　urban　development　was　achievhlg　momentum　in　the　developing
countries，　expanding　more　noticeably　than　in　the　previous　decades，　and　seeing　an
increased　growth　percentage．　Urban　agg正omerations　of　developing　world　are　more
compact　and　dense　then　thetr　oounterparts　in　Europe　and　North　Americ乱
Effective　land　management　and　poIicy　decisions　require　understallding，　modeling　and
predicting　land　convcrsion　in　cities　across　a　range　of　ecosystems，　cultUres　and　politicaV
govemmental　systems．’IThis　s加dy　has　focused。n　measロes　perceptible　in
coarse－resolution　remotely　sensed　data－in　other　words，　those　related　specificaIly　to
land　development．　This　information，　when　combined　with　additlonal　economi。，
demographio　and　acoessibility　based　measures，　wiU　make　a　significant　contribution
towards　this　process．
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CHAPTER　7：
CONCLUSIONS
This　dissertation　expIores　a　framework　combinilg　multi－source　geospatial　data　and
urban　modeling　aimed　at　improving　the　mappilg，　analysis　and　modeling　ofglo『bal　urban
areas，　and　groWth　dynamics　for　supporting　urban　management　and　planning．
Tlhe　research　is　st　uctured，　both　conceptUally　and　rnethodologically，　to　build　new　global
urban　map　and　to　monitor　of　spatial　processes，　and　modeling　of　urban　area．　This
integrative　p　erspective　makes　this　research　unique．　Only　few　stUdies　have　attempted　to
combine　multi　source　geospatial　data　and　modelirlg　in　such　a　comprehensive　way，1．e．
considering　the　latest　developments　aエ1d　techniques　and　appIy　them　in　integrated
manner　for　urban　envir。㎜ents．　Alth。ugh　all　individua1　issues　are　investigated，　the
main　focus　on　the　research　objectives　mapping　and　modeling　since　they　have　received
the　most　attention　in　the　field　of　Geography．
Satellite　remote　senshlg　has　been　a　usefUI　alternative　f～）r　mapPing　the　expansion　of
urban　Iand　uses．　However，　common　approaches　remain　problematic．　Imagery　fセom
五皿e・resolution　sensors　such　as　Landsat，　SPOT　and　ASTER　provides　a　level　of　detail
109
suf霞cient　to　distinguish　urban　f士om　nol1－urban　land　uses　in　most　cases．　Unfbrtunate里y
these　sources　are　too　expensivo　fbr　most　researchers　to　acquire　and　process　at
continenta正to　910bal　soales　and　also　limlited　in　both　spatial　and　temporal　coverage．
Existhlg　oontinental　scale　maps　of　urban　areas　include　the　Digital　Chart　of　the　Wbrld
（DCW）urban　layer，　maps　derived加m　the　Defbnse　Meteorologioal　Satellite　Program
Operational　LineScan　System（DMSP－OLS）“low　Iight”sensor　or　nighttime　lights　data，
貸om　the　classification　of　Advan．ced　Very　High　Resolution　Radiometer（AVHRR）
imagery，　from　the　Global　Land　Cover　mLapping（GLC2000），丘om　population　census
data　GRUMP（Global　Rural　Urban　Mapping　Pr（｝j　ect），　and　f士om　the　MODIS　La且d　Cover
Product　Binary　Data　from　B　oston　University　by　fUsing　various　imagery　sources．
While　the　DCW　urban　data　are　extremely　valuable，　they　were　compiled丘om
Operational　Navigation　Chart　data　fヒom　the　1960s　and　no　longer　provide　an　accurate
represe11tation　of　the　current　sセe　of　many　oities　especially　fast　developing　cities　㎞
10w－income　coultries．　The‘‘bloomhlg，，　effect　of　nighttime　lights　data　ilflates　city
boundaries．　Applying　detection　ffequency　thresholds　can　reduce　the　effect，　but　such
thresholds　also　attenuate　Iarge　numbers　of　smaller　lights．　Recent　ooarse　reso星ution
global　urban　mapping　f卜om　AVHRRR，　GLC2000　and　MODIS　are　also　unsatisfactory，
because　of　the　tedious　process　of　training　data　coIlection　and　inadequacies　of　in
classification　algorithrns．
Given　the　spectral　limitations　of　traditional　olassification　algorithms，仕【reshold
techniques　improve　urban　land　cIass量fications．　Multi－source　geospatial　data　were　aもle　to
describc　and　map　the　most　important　spatial　land　cover　characteristics（e．g．　size，　shape，
density，　distances　etc）・
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The　interpretation　and　evaluat董on　of　multl－temporal　remote　sensing　observations　fbr
urban　growth　processes　fUrther　emphasiZes　the　importance　of　integratlon　multi－source
geospatial　data　in　urban　studies．　Comparison　DCW　and　new　produced　global　urban
maps　highlight　specific　urban　growth　patterns　alld　represent　distinct　characteristics　and
regularities　of　dynamio　urban　processes　on　coarse　spatial　scale．　This　new　kind　of
information　contributes　to　urban　modeling　in　both　practical　and　theoretical　terms．
From　an　urban　theory　perspective，　the　approach　integration　remote　sensing　and
threshold　technique　leads　to　an　improved　understanding　and　representation　of　urban
dynamics　and　helps　to　develop　altemative　conceptions　of　urban　spatial　structUre　and
change　in　low　income　countries．
The　investigations　also　have　to　fbcus　on　the　issues　of　urban　charaoteriZation．　It　is
important　to　observe　pattem　and　types　of　global　urban．　Urban　types　described　by
multi－source　spatial　data　can　provide　a　basis　fbr　accurately　mapping　urban　area　with
coarse　resolution　imagery．　The　data　and　techniques　to　provide　information　to　research
urban　characterization　framework　have　been　outlined　in　this　dissertation．
Another　fUtUre　objectlve　relates　to　the　application　of　the　presented　f｝aniework　in　urban
management　and　planning、　As　this　study　has　indicated，　new　global　urban　map　and　urban
characterization　provide　ilmovative　approaches　to　integrate　the　results　f｝om　remote
sensing　data　analysis，　Iand　cover　change　science，　and　urban　modeling．　There　is　little
doubt　that　urban　plannhlg　and　management　decisions　can　be　supPorted　and　can　be
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improved　based　on　the　integrated　results　of　this　stUdy．　However，　the　illtegration　of
better　data，　information　and　knowledge　in　urban　planning　strongly　depends　on　the
willingness　of　planners　and　decision　makers　to　adopt　suoh　new　and　innovative
approaches．
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